South Dakota State University

Open PRAIRIE: Open Public Research Access Institutional
Repository and Information Exchange
Electronic Theses and Dissertations
2020

Utilizing Rhizospheric and Bacterial Endophytes for Use as
Potential Bio-fertilizers for Sustainable Agricultural Production
Vincent Peta
South Dakota State University

Follow this and additional works at: https://openprairie.sdstate.edu/etd
Part of the Agronomy and Crop Sciences Commons, Biology Commons, and the Microbiology
Commons

Recommended Citation
Peta, Vincent, "Utilizing Rhizospheric and Bacterial Endophytes for Use as Potential Bio-fertilizers for
Sustainable Agricultural Production" (2020). Electronic Theses and Dissertations. 3913.
https://openprairie.sdstate.edu/etd/3913

This Thesis - Open Access is brought to you for free and open access by Open PRAIRIE: Open Public Research
Access Institutional Repository and Information Exchange. It has been accepted for inclusion in Electronic Theses
and Dissertations by an authorized administrator of Open PRAIRIE: Open Public Research Access Institutional
Repository and Information Exchange. For more information, please contact michael.biondo@sdstate.edu.

UTILIZING RHIZOSPHERIC AND BACTERIAL ENDOPHYTES FOR USE AS
POTENTIAL BIO-FERTILIZERS FOR SUSTAINABLE AGRICULTURAL
PRODUCTION

BY
VINCENT PETA

A dissertation submitted in partial fulfillment of the requirements for the
Doctor of Philosophy
Major in Biological Sciences
Specialization in Microbiology
South Dakota State University
2020

ii
DISSERTATION ACCEPTANCE PAGE
Vincent Peta

This dissertation is approved as a creditable and independent investigation by a candidate
for the Doctor of Philosophy degree and is acceptable for meeting the dissertation
requirements for this degree. Acceptance of this does not imply that the conclusions
reached by the candidate are necessarily the conclusions of the major department.

Heike Bucking
Advisor

Date

Volker Brozel
Department Head

Date

Dean, Graduate School

Date

iii
This dissertation is dedicated to my family and friends who believed in me and forced me
to keep pushing to the end. To say the least, it was worth it.

iv
ACKNOWLEDGEMENTS
I would like to thank lab members: Dr. Brandon Monier, M.S. Rachel Raths, Dr. Arjun
Kafle, Dr. Janice Eibensteiner, Dr. Carl Fellbaum, Jaya Yakah, Dr. Kevin Cope, Nina
Herrera, Dr. Jerry Mensah and all other lab members that have come and gone and all
their support as well as my family’s continued support, for without that, I wouldn’t have
kept going. I would also like to thank my advisor, Dr. Heike Bücking and committee
members: Dr. William Gibbons, Dr. Shinyi Marzano and Dr. Benoit St.- Peirre for their
continued guidance and advice and keeping me motivated to finish my program. I also
appreciated the help and support from Dr. Scott Shaeffer and Dr. Diana Costillo Lopez
from Indigo Ag and Dr. Timothy Lilburn from Novozymes Norther America, who gave
me invaluable industry knowledge to grow from. Funding for the Brassica carinata
endophyte project was provided by Indigo Ag, the Agricultural Experiment Station at
SDSU, and the Oilseed Initiative, and funding for the work done in cooperation with
Novozymes North America was provided by Novozymes A/S. Lastly, I would also like to
thank Alex Soupir for his support and being an amazing colleague to work with and to
learn from and undergraduate researchers: Jackson Pond, Victoria Peta, Rebecca Thom,
Marie Zander, and Joseph Wingert, Jerry Cordero Sepulveda, Whinly Mai, Clarissa
Mercado and April Demell. Without their help, the amount of work that was performed
would have not been able to be accomplished and I would not be writing this today.

v
TABLE OF CONTENTS
ABBREVIATIONS ............................................................................................................ x
LIST OF FIGURES ......................................................................................................... xiv
LIST OF TABLES ............................................................................................................ xx
ABSTRACT.................................................................................................................... xxii
PART 1: RESEARCH AND CHARACTERTIZATION OF PLANT GROWTH
PROMOTING ENDOPHYTES OF OILSEED CROPS-LITERATURE REVIEW.......... 1
Introduction ................................................................................................................................. 1
Current Generation Oil Seed Crops ............................................................................................. 2
Types of Oilseed Crops ............................................................................................................... 2

1.1 Market Capacity for Current Gen Oilseed Crops ............................................................................. 4
1.2 New Generation Oilseed Crops ....................................................................................................... 6
1.3 Market Capacity of 2nd Gen. Oilseed Crops..................................................................................... 8

Advantages & Disadvantages of Biofuels ................................................................................... 9

2.1 Advantages ...................................................................................................................................... 9
2.2 Disadvantages ................................................................................................................................ 11

Brassica Species as oilseed Crops ............................................................................................. 13

3.1 Production requirements ................................................................................................................ 14
3.2 Nitrogen Fertilization ..................................................................................................................... 15
3.3 Phosphate Fertilization .................................................................................................................. 16

4. Plant Endophytic Bacteria ..................................................................................................... 17

4.1 Microbial Diversity ........................................................................................................................ 17
4.2 Mechanisms of Plant Tissue Colonization ..................................................................................... 19
4.3 Determining Microbial Diversity in the Plant Microbiome ........................................................... 20

5. Plant Growth Promotion Characteristics ............................................................................... 23

5.1 Biological Nitrogen Fixation ......................................................................................................... 23
5.2 Phosphate Solubilization................................................................................................................ 24
5.3 Plant Growth Hormone Producttion .............................................................................................. 26

6. Future Research and Potential Product Development ........................................................... 27
References ................................................................................................................................. 28

CHAPTER 2: BENEFICIAL PLANT MICROBE INTERACTIONS AND THEIR
EFFECT ON NUTRIENT UPTAKE, YIELD AND STRESS RESISTANCE OF
SOYBEANS ..................................................................................................................... 36
2.1 Abstract................................................................................................................................ 36
2.2 Introduction ......................................................................................................................... 37
Beneficial plant microbe interactions of soybean plants ........................................................... 39

2.3.1 Arbuscular mycorrhizal symbiosis.............................................................................................. 39
2.3.2. Importance of arbuscular mycorrhizal fungi for yield and nutrient uptake of soybeans ............ 44
2.3.3 Importance of arbuscular mycorrhizal fungi for the stress resistance of soybeans ..................... 45
2.4. Nitrogen-fixing symbiosis with rhizobia ...................................................................................... 47
2.4.1. Significance of rhizobia for soybean agriculture ....................................................................... 50
2.4.2. Symbiosis with endophytic bacteria or fungi ............................................................................. 54

vi
3. Important research gaps and future challenges ...................................................................... 55
References ................................................................................................................................. 57

CHAPTER 3: CHARACTERIZATION OF BACTERIAL ENDOPHYTES ISOLATED
FROM THE OILSEED PRODUCING CROP BRASSICA CARINATA: PART 1 – INVITRO CHARACTERIZATION ..................................................................................... 75
Abstract...................................................................................................................................... 75
Introduction ............................................................................................................................... 76
Results ....................................................................................................................................... 78
Discussion.................................................................................................................................. 80
Materials and Methods .............................................................................................................. 85
Acknowledgements ................................................................................................................... 88
References ................................................................................................................................. 92

CHAPTER 4: CHARACTERIZATION OF BACTERIAL ENDOPHYTES ISOLATED
FROM THE OILSEED PRODUCING CROP BRASSICA CARINATA: PART 2 –
APPLICATION OF ENDOPHYTES ON WHEAT ......................................................... 99
Abstract: .................................................................................................................................... 99
Discussion: .............................................................................................................................. 105
Materials and Methods: ........................................................................................................... 108
Statistical Analyses .................................................................................................................. 112

CHAPTER 5: CHARACTERIZATION OF BACTERIAL ENDOPHYTES ISOLATED
FROM THE OILSEED PRODUCING CROP BRASSICA CARINATA: PART 4 –
APPLICATION OF ENDOPHYTES ON CORN .......................................................... 123
Abstract: .................................................................................................................................. 123
Results: .................................................................................................................................... 125
Materials and Methods: ........................................................................................................... 133
Statistical Analysis .................................................................................................................. 135
References ............................................................................................................................... 142

CHAPTER 6: CHARACTERIZATION OF BACTERIAL ENDOPHYTES ISOLATED
FROM THE OILSEED PRODUCING CROP BRASSICA CARINATA: PART 3 –
APPLICATION OF ENDOPHYTES ON SOYBEAN .................................................. 146
Abstract.................................................................................................................................... 146
Results: .................................................................................................................................... 149
Materials and Methods: ........................................................................................................... 158
Statistical Analysis .................................................................................................................. 161
References ............................................................................................................................... 170

PART 2: CHARACTERIZING NOVEL BACTERIAL SPECIES................................ 176

vii
CHAPTER 7: DRAFT GENOME SEQUENCE OF DUGANELLA SP. DN04
ISOLATED FROM CULTIVATED SOIL .................................................................... 176
Abstract.................................................................................................................................... 176
Announcement ......................................................................................................................... 176
Data availability....................................................................................................................... 178
References ............................................................................................................................... 179

CHAPTER 8: DRAFT GENOME OF MASSILIA HORTUS SP. NOV., A NOVEL
BACTERIAL SPECIES OF THE OXALOBACTERACEAE FAMILY ...................... 182
Abstract.................................................................................................................................... 182
Announcement ......................................................................................................................... 182
Data availability....................................................................................................................... 184
References ............................................................................................................................... 185

CHAPTER 9: DRAFT GENOME SEQUENCE OF M1, A POTENTIAL NOVEL
BACTERIAL SPECIES ISOLATED FROM FARM SOIL .......................................... 188
Abstract. .................................................................................................................................... 188
Announcement ......................................................................................................................... 188
Data availability....................................................................................................................... 190
References ............................................................................................................................... 191

CHAPTER 10: DRAFT GENOME SEQUENCE OF MASSILIA ARENOSA SP. NOV.,
A NOVEL MASSILIA SPECIES ISOLATED FROM A SANDY-LOAM MAIZE SOIL
............................................................................................................................. 195
Announcement ......................................................................................................................... 195
Data availability....................................................................................................................... 197
References ............................................................................................................................... 198

Chapter 11: DUGANELLA CALLIDUS SP. NOV., A NOVEL ADDITION TO THE
DUGANELLA GENUS, ISOLATED FROM THE SOIL OF A CULTIVATED MAIZE
FIELD ............................................................................................................................. 201
Abstract.................................................................................................................................... 201
Introduction ............................................................................................................................. 202
Isolation ................................................................................................................................... 204
Morphology ............................................................................................................................. 204
16S RNA phylogeny................................................................................................................ 205
Physiology and Chemotaxonomy ............................................................................................ 206
MALDI-TOF ........................................................................................................................... 208
Genome Features ..................................................................................................................... 209
Proposal of Duganella Callidus sp. nov. DN04T .................................................................... 212

viii
Description of Duganella callidus sp. nov. DN04 ................................................................... 212
References ............................................................................................................................... 214

CHAPTER 12: MASSILIA HORTUS SP. NOV., A NOVEL MASSILIA SPECIES
ISOLATED FROM GARDEN SOIL ............................................................................. 225
Abstract.................................................................................................................................... 225
Introduction ............................................................................................................................. 226
Isolation and Ecology .............................................................................................................. 227
Phenotypic Characterization .................................................................................................... 228
DNA Isolation and Sequencing ............................................................................................... 231
Genome Features ..................................................................................................................... 232
Proposal Massilia hortus sp. nov. strain ONC3 ....................................................................... 234
Description of Massilia hortus nov. sp., strain ONC3 ............................................................. 235
References ............................................................................................................................... 237

CHAPTER 13: NOVIHERBASPIRILLUM SPERARE SP. NOV. STRAIN M1, A
NOVEL NOVIHERBASPIRILLUM SPECIES ISOLATED FROM FARMED SOIL 252
Abstract.................................................................................................................................... 253
Introduction ............................................................................................................................. 253
Isolation and Ecology .............................................................................................................. 255
Phenotypic Characterization .................................................................................................... 255
MALDI-TOF ........................................................................................................................... 256
DNA Isolation and Sequencing ............................................................................................... 258
Genome Features ..................................................................................................................... 259
Proposal of Noviherbaspirillum sperare sp. nov, strain M1 as a Novel Species and Type Strain
................................................................................................................................................. 262
References ............................................................................................................................... 266

CHAPTER 14: MASSILIA ARENOSA SP. NOV., A NOVEL ADDITION TO THE
MASSILIA GENUS, ISOLATED FROM THE SOIL OF A CULTIVATED MAIZE
FIELD ............................................................................................................................. 282
Abstract.................................................................................................................................... 283
Introduction ............................................................................................................................. 284
Isolation ................................................................................................................................... 286
Morphology ............................................................................................................................. 286
16S RNA phylogeny................................................................................................................ 287
Genome Features ..................................................................................................................... 288
Physiology and Biochemical ................................................................................................... 290
MALDI-TOF ........................................................................................................................... 293

ix
Proposal of Massilia arenosa sp. nov. MC02T ......................................................................... 294
Description of Massilia arenosa sp. nov. ................................................................................. 295
References ............................................................................................................................... 297

CHAPTER 15: CONCLUSIONS AND FUTURE PROSPECTS .................................. 305

x
ABBREVIATIONS
Abbreviation Description
°C
Celsius
⍺

alpha

A

Adenine

AAI

Average amino
acid identity

Ac

Acre

ATCC

American Type
Culture
Collection
Brassica carinata

BC
BLAST

Basic Local
Alignment
Search Tool

Bp

Base pair(s)

Bu

Bushel

BUSCO

Benchmarking
Universal SingleCopy Orthologs

C

Cytosine

Cds

Coding
sequence(s)

cm

centimeter

conc

concentration

Contigs

Contiguous
sequences

d

day(s)

df

df media

DNA

Deoxyribonucleic
acid

DSMZ

Leibniz Institute
DSMZ-German
Collection of
Microorganisms
and Cell Cultures

xi
FeHCl

Iron-3-chloride

Ft

feet

g

Gram

G

Guanine

Gen.

Genus

GGDC

Genome to
genome distance
calculator

GPS

Global
positioning
system
hour(s)

H
HCl
IAA

Hydrochloric
acid
Indole-3-acetic
acid

In

Inches

iTOL

Interactive tree of
life

JCM

Japanese

Kbp

Kilo-base pairs

LB

Lysogeny broth

Lb

Pound

LSD

Least significant
difference

m

molar

M

Meters

Mbp

mega-base pairs

MEGA

Molecular
Evolutionary
Genetics
Analysis
Milligram

mg
MiGA

Microbial
Genomes Atlas
Online

Min

Minute

xii
mL

Millileter

ML

Maximum
likelihood

mm

millimeter

mM

millimolar

mRNA

Messenger
ribonucleic acid

MUSCLE

MUltiple
Sequence
Comparison by
Log- Expectation

na

Not applicable

NaCl

Sodium chloride

NM

Nanometer

Nov.

novel

NRRL

Northern
Regional
Research
Laboratory

OD

Optical density

PATRIC

Pathosystems
Resource
Integration
Center
Phosphate
buffered saline

PBS
PCR

Polymerase chain
reaction

PDA

Potato dextrose
agar

Ppm

Parts per million

Prep

Preparation

R2A

Reasoner's 2A
agar

R3

kernel milk stage

xiii
RAST

Rapid Annotation
using Subsystem
Technology

RNA

ribonucleic acid

RPM

Rotations per
minute

rRNA

Ribosomal
ribonucleic acid

s

Seconds

Sds

seeds

se

standard error

Sp.

Species

SPAdes

St. Petersberg
genome
assembler

T

Thymine

tRNA

Transfer
ribonucleic acid

TSA

Tryptic soy agar

V5

Leaf stage. Five
leaves with
visible collars

WGS

Whole genome
sequencing

xg

Multiplied by
gravity

µg

Microgram

µl

Microliter

xiv
LIST OF FIGURES
Figure 1.1 The enzymatic complex of nitrogenase. .......................................................... 24
Figure 1.2 Bacterial phosphate solubilization pathway and effects on surrounding
insoluble phosphate in the environment. .......................................................................... 25
Figure 1.3 Bacterial production of IAA through tryptophan independent and dependent
pathways in-vivo…….……..………..……………...………..………..…………..……..26
Figure 2.1 Overview of the mycorrhizal nutrient uptake pathway in AM roots of soybean
plants via the extraradical mycelium of the fungus (a), and the mycorrhizal interface
consisting of the fungal arbuscule in root cortical cells surrounded by the periarbuscular
membrane of the host (b). Both, fungal cell membrane and plant periarbuscular
membrane are characterized by the presence of mycorrhiza specific transporters that play
a critical role for the nutrient exchange across the mycorrhizal interface of soybean plants
(e.g. GmPT7 or GmAMT4.1, see also below). ................................................................. 42
Figure 2.2 Transport and nutrient exchange pathways in the symbiosis with N-fixing
bacteria (BAC) and AM fungi (IRM and ERM). Abbreviations: BAC-N-fixing
bacteroids; BM-bacteroid membrane; ERM-extraradicle mycelium; FA-fatty acid; FMfungal plasma membrane; IRM-intraradical mycelium; PM-periarbuscular membrane;
SM-symbiosome membrane. ............................................................................................ 53
Figure 3.1 IAA production after 4 days of incubation. IAA standardized to the optical
density of the bacteria at 600nm of 1.000. Error bars are the standard error of the mean.90
Figure 3.2 Gel for the PCR amplification of the ACC deaminase gene within the genomic
DNA of 7 bacterial endophytes isolated form Brassica carinata. ..................................... 91
Figure 4.1 Root architecture percent changes from the control for spring wheat variety
Boost using 20 bacterial endophytes isolated from Brassica carinata. Asterisk (*) denotes
significance at p < 0.1 using Dunn's nonparametric analysis without correcting for
family-wise error………...……………………………………………………………...113
Figure 4.2 Root architecture percent changes from the control for spring wheat variety
Prevail using 20 bacterial endophytes isolated from Brassica carinata. Asterisk (*)
denotes significance at p < 0.1 using Dunn's nonparametric analysis without correcting
for family-wise error……………………………………………………………………114
Figure 4.3 Root architecture percent changes from the control for spring wheat variety
Surpass using 20 bacterial endophytes isolated from Brassica carinata. Asterisk (*)
denotes significance at p < 0.1 using Dunn's nonparametric analysis without correcting
for family-wise error. ...................................................................................................... 114
Figure 4.4 Shoot biomass percent changes for spring wheat variety Redfield using 20
bacterial endophytes under greenhouse conditions. Asterisk (*) denotes significance at p
< 0.1 using Dunn's nonparametric analysis without correcting for family-wise
error………………………………………………..…………………………..………..115

xv

Figure 4.5 Shoot biomass percent changes for spring wheat variety Boost using 20
bacterial endophytes under greenhouse conditions. Asterisk (*) denotes significance at p
< 0.1 using Dunn's nonparametric analysis without correcting for family-wise error..
.................................................................................................................................... ….115
Figure 4.6 Root biomass percent changes for spring wheat variety Boost using 20
bacterial endophytes under greenhouse conditions. Asterisk (*) denotes significance at p
< 0.1 using Dunn's nonparametric analysis without correcting for family-wise
error..………… ………….……………………………………………………………..116
Figure 4.7 Shoot biomass percent changes for spring wheat variety Prevail using 20
bacterial endophytes under greenhouse conditions. Asterisk (*) denotes significance at p
< 0.1 using Dunn's nonparametric analysis without correcting for family-wise
error..……………….… ………………………………………………………………..116
Figure 4.8 Root biomass percent changes for spring wheat variety Prevail using 20
bacterial endophytes under greenhouse conditions. Asterisk (*) denotes significance at p
< 0.1 using Dunn's nonparametric analysis without correcting for family-wise
error..…………… ……………………………………………………………………...117
Figure 4.9 Shoot biomass percent changes for spring wheat variety Surpass using 20
bacterial endophytes under greenhouse conditions. Asterisk (*) denotes significance at p
< 0.1 using Dunn's nonparametric analysis without correcting for family-wise
error..……………… ……………………………………………………………..….....117
Figure 4.10 Root biomass percent changes for spring wheat variety Surpass using 20
bacterial endophytes under greenhouse conditions. Asterisk (*) denotes significance at p
< 0.1 using Dunn's nonparametric analysis without correcting for family-wise
error..………………….. …………………………………………………………….....118
Figure 4.11 Yield corrected to 13% moisture for winter wheat variety Redfield inoculated
with 10 bacterial endophytes and a non-treatment control under field conditions. Letters
signify LSD significance at p < 0.1 without correcting for family-wise error. Bars with
the same letter are statistically similar. Error bars are standard error of the
mean……………..………………..……………………………………………………...118
Figure 4.12 Test weight for winter wheat variety Redfield inoculated with 10 bacterial
endophytes and a non-treatment control under field conditions. Letters signify LSD
significance at p < 0.1 without correcting for family-wise error. Bars with the same letter
are statistically similar. Error bars are standard error of the
mean…………….……………..…………………...……………………………………...119
Figure 4.13 Protein content corrected for 13% moisture for winter wheat variety Redfield
inoculated with 10 bacterial endophytes and a non-treatment control under field
conditions. Letters signify LSD significance at p < 0.1 without correcting for family-wise
error. Bars with the same letter are statistically similar. Error bars are standard error of
the mean.…………………………………………………….……………..………………..…119

xvi
Figure 5.1 Root architecture percent changes from the control for corn variety 5126RR
using 20 bacterial endophytes isolated from Brassica carinata. Asterisk (*) denotes
significance at p < 0.1 using Dunn's nonparametric analysis without correcting for
family-wise error..………………………………………….……………..………………..…136
Figure 5.2 Root architecture percent changes from the control for corn variety 9714/G
using 20 bacterial endophytes isolated from Brassica carinata. Asterisk (*) denotes
significance at p < 0.1 using Dunn's nonparametric analysis without correcting for
family-wise error..………………………………………………………………………….….136
Figure 5.3: Shoot biomass percent changes for corn variety 5126RR using 11 bacterial
endophytes under greenhouse conditions. Asterisk (*) denotes significance at p < 0.1
using Dunn's nonparametric analysis without correcting for family-wise error.....….…137
Figure 5.4: Root biomass percent changes for corn variety 5126RR using 11 bacterial
endophytes under greenhouse conditions. Asterisk (*) denotes significance at p < 0.1
using Dunn's nonparametric analysis without correcting for family-wise error..... ……137
Figure 5.5: Shoot biomass percent changes for corn variety 9714/G using 11 bacterial
endophytes under greenhouse conditions. Asterisk (*) denotes significance at p < 0.1
using Dunn's nonparametric analysis without correcting for family-wise error. ..….…138
Figure 5.6: Root biomass percent changes for corn variety 9714/G using 11 bacterial
endophytes under greenhouse conditions. Asterisk (*) denotes significance at p < 0.1
using Dunn's nonparametric analysis without correcting for family-wise error..……....138
Figure 5.7: Nitrogen concentration in the newest fully developed leaf at V5 of corn
variety SP375 of 10 bacterial endophytes under low (75lbs nitrogen) and high (150lbs
nitrogen/acre) under field conditions with a control. Letters signify significance of Least
Significant Difference at p < 0.1. ……………………………………………...…….…139
Figure 5.8: N Phosphorus concentration in the newest fully developed leaf at V5 of corn
variety SP375 of 10 bacterial endophytes under low (75lbs nitrogen/acre) and high
(150lbs nitrogen/acre) under field conditions with a control. Letters signify significance
of Least Significant Difference at p < 0.1 …………………………………….………..139
Figure 5.9: Nitrogen concentration in the newest fully developed leaf at tasseling of corn
variety SP375 of 10 bacterial endophytes under low (75lbs nitrogen) and high (150lbs
nitrogen/acre) under field conditions with a control. Letters signify significance of Least
Significant Difference at p< 0.1…..……………………………………....…………….140
Figure 5.10: Phosphorus concentration in the newest fully developed leaf at tasseling of
corn variety SP375 of 10 bacterial endophytes under low (75lbs nitrogen) and high
(150lbs nitrogen/acre) under field conditions with a control. Letters signify significance
of Least Significant Difference at p < 0.1.………………………………….…….. …..140
Figure 5.11: SP375 yield for 10 bacterial endophytes grown under low nitrogen
conditions (75lbs nitrogen/acre). Letters signify significance of Least Significant
Difference at p < 0.1……………………………....……………..……………………..141
Figure 5.12: SP375 yield for 10 bacterial endophytes grown under high nitrogen
conditions (150lbs nitrogen/acre). Letters signify significance of Least Significant
Difference at p < 0……………………………………………………………………...141

xvii
Figure 6.1: Root architecture percent changes from the control for soybean variety
Brookings using 20 bacterial endophytes isolated from Brassica carinata. Asterisk (*)
denotes significance at p < 0.1 using Dunn's nonparametric analysis without correcting
for family-wise error… ………………………………………………………………...162
Figure 6.2: Root architecture percent changes from the control for soybean variety
Codington using 20 bacterial endophytes isolated from Brassica carinata. Asterisk (*)
denotes significance at p < 0.1 using Dunn's nonparametric analysis without correcting
for family-wise error.… …………………………………………………………….….163
Figure 6.3: Root architecture percent changes from the control for soybean variety
Davison using 20 bacterial endophytes isolated from Brassica carinata. Asterisk (*)
denotes significance at p < 0.1 using Dunn's nonparametric analysis without correcting
for family-wise error.……… …………………………………………………….....….163
Figure 6.4: Shoot and root biomass percent changes for soybean variety Brookings using
20 bacterial endophytes under greenhouse conditions. Asterisk (*) denotes significance at
p < 0.1 using Dunn's nonparametric analysis without correcting for family-wise
error………….………………………………………………………………………….164
Figure 6.5: Shoot and root biomass percent changes for soybean variety Codington using
20 bacterial endophytes under greenhouse conditions. Asterisk (*) denotes significance at
p < 0.1 using Dunn's nonparametric analysis without correcting for family-wise
error………….………………………………………………………………………….165
Figure 6.6: Nitrogen concentration in the newest fully developed trifoliate of Brookings
soybean variety of 10 bacterial endophytes under low phosphate conditions (28ppm)
within the field with a low phosphate control and a high phosphate control (40ppm
theoretical). Letters signify significance of Least Significant Difference at p <
0.1……………….………….………………………………………………………..….165
Figure 6.7: Phosphorus concentration in the newest fully developed trifoliate of
Brookings soybean variety of 10 bacterial endophytes under low phosphate conditions
(28ppm) within the field with a low phosphate control and a high phosphate control
(40ppm theoretical). Letters signify significance of Least Significant Difference at p <
0.1. ……....……………………………………………………………………………...166
Figure 6.8: Brookings soybean variety yield of 10 bacterial endophytes grown under low
phosphate (28ppm) conditions with a high (40ppm theoretical) and low phosphate
control. Letters signify significance of Least Significant Difference at p < 0.1.
………………………………………………………………………………………….16
Figure 6.9: Nitrogen concentration in the newest fully developed trifoliate of Brookings
soybean variety of 10 bacterial endophytes under low phosphate conditions (28ppm)
within the field with a low phosphate control and a high phosphate control (40ppm
theoretical). Letters signify significance of Least Significant Difference at p < 0.1.
..…………….………….…………… ………………………………………………….167

xviii
Figure 6.10: Phosphorus concentration in the newest fully developed trifoliate of
Codington soybean variety of 10 bacterial endophytes under low phosphate conditions
(28ppm) within the field with a low phosphate control and a high phosphate control
(40ppm theoretical). Letters signify significance of Least Significant Difference at p <
0.1....…….………….………… …………………………………………………….….168
Figure 6.11: Codington soybean variety yield of 10 bacterial endophytes grown under
low phosphate (28ppm) conditions with a high (40ppm theoretical) and low phosphate
control. Letters signify significance of Least Significant Difference at p <
0.1......……………… …………………………………………………………………..169
Figure 11.1 Colony morphology of Duganella callidus and close relatives after growth
for 3 days at 30°C on R2A media grown A) Duganella callidus DN04T, B) Massilia
albidiflava 45, C) Duganella zoogloeoides IAM 12670. The scale bar represents 10
mm……..…………………………………………………………………………….…221
Figure 11.2 Microscopic image of Duganella callidus DN04 after Gram-strain. The scale
bar represents 10 µm..
……………………………………………………………………...………………...…221
Figure 11.3 Maximum-likelihood phylogenetic tree created using MEGA 7 based on the
most similar 16S rRNA gene sequence analysis using DN04 as the query sequence. The
numbers at the nodes indicate bootstrap percentages (based on 1000 replications).
Bootstrap values above 50% are shown at the nods. Scale bar indicates 0.010 nucleotide
exchanges per nucleotide positions. Burkholderia metallica R-16017 was used to root the
tree.……..……………… ………………………………………………………………222
Figure 11.4 Non-metric multidimensional scaling plot based on the Biolog results of
DN04 and similar genera from a 16S rRNA BLAST and availability in culture
collections. The isolate information is available in the supplementary Table
S1..……..………………………… ……………………………………………...….…222
Figure 12.1. Non-metric multidimensional plot of ONC3 and similar Oxalobacteraceae
family members’ microlog results after transformation in R-studio to numerical
values………………………………………………………………...…………………247
Figure 12.2. MALDI-TOF dendrogram of ONC3 (in grey box) and related strains
showing the results after MALDI-TOF spectra profiling. Profiles were then compared to
a local database and the resulting dendrogram was
produced.…………………...………………………………………...…………………248
Figure 12.3. Maximum-likelihood phylogenetic tree based on the top similar 16S rRNA
sequence from a BLAST search compared to strain ONC3 (ONC3 is denoted by the black
square) and available reference strains of Massilia species (denoted by a black circle).
Values at branch points (nodes) indicate bootstrap support as percentages based on 1000
resampling (only values greater than 50% are shown). E. coli 30083 was used as an
outgroup.…………………...………………...……………………...……………….…249

xix
Figure 13.1 Non-metric multidimensional plot of M1 and similar Oxalobacteraceae
family members’ microlog results after transformation in R-studio to numerical
values..…………………...…………………....……………………...…………..….…276
Figure 13.2 MALDI-TOF dendrogram of M1 and related strains showing the results after
MALDI-TOF spectra profiling. Profiles were then compared to a local database and the
resulting dendrogram was produced...………………….....……………….........……...277
Figure 13.3 Maximum-likelihood phylogenetic tree based on the top similar 16S rRNA
sequences from a BLAST search when using strain M1 (denoted by a black square) as a
query sequence. Reference strains from the family of Oxalobacteraceae were also used in
this analysis and are denoted by black circles. Bolded values at branch points indicate
bootstrap support as percentages based on 1000 resampling (only values greater than 50%
are shown). Branch lengths are in standard text format and listed below supporting
values...…………………...…………………....………………......……………..….…278
Figure 13.4 Maximum likelihood phylogenetic tree of the genome of strain M1 (in
yellow) compared to other similar genomes using the Kbase genomic database with the
species tree creation module. Node supporting values are shown above 50%
....…………………...…………………....………………......………………..…..….…281
Figure 14.1 Maximum-likelihood phylogenetic tree created using MEGA 7 based on the
most similar 16S rRNA gene sequence analysis using MC02T as the query sequence. The
numbers at the nodes indicate bootstrap percentages (based on 1000 replications).
Bootstrap values above 70% are shown at the nods. The scale bar indicates 0.01
nucleotide exchanges per nucleotide positions. E. coli ATCC 11886T was used to root
the tree…………………………...…..………………………………………………….…301
Figure 14.2 Non-metric multidimensional scaling plot based on the Biolog results of
MC02T and similar species based on a 16S rRNA gene BLAST and other type strains of
the Oxalobacteraceae. The isolate information is given in Table S1 (Supplementary
Materials).……………………………………………………………….........................….…302

xx
LIST OF TABLES
Table 1.1 The list of Brassica carinata isolates with their respective genus from 16S
rRNA sequencing and the ability of the isolates to suppress the growth of pathogenic
fungi (F. p.: Fusarium proliferatum, F. o.: Fusarium oxysporum, F. g.: Fusarium
graminearum, and F. a.: Fusarium acuminatum. The mount of phosphate solubilized
from calcium phosphate as insoluble-phosphate source after 7 days of incubation
indicated by +/-, as well as the amount of IAA produced after 4 days, and the ability of
the isolate to breakdown, ACC to α-ketobutyate. Also, the plant tissue from which the
endophyte was isolated from. …………………………………………………………89
Table 11.1 Differences in the Biolog results between the proposed novel species
Duganella callidus DN04, and the three reference strains Duganella zoogloeoides IAM
12670, Massilia albidiflava 45, Massilia umbonata LP01. All plates were incubated for
four days, and the growth medium and inoculation fluid are given in the Supplementary
Table 2 ..…..………………. …………………………………………………………..223
Table 11.2 Taxonomic classification and novelty based on p-values of sequence AAI
comparisons using the MiGA tool with Duganella callidus DN04 as the query and
Janthinobacterium sp. 1 2014 MBL MicDiv NZ CP011319 as the reference
sequence...…..… ……………………………………………………………………….223
Table 11.3 OrthoANI values from EZBioCloud of six genetically similar strains
compared to Duganella callidus DN04………………...………………………..…..…224
Table 11.4 GGDC values based on DN04 as the query, compared to the six most
genetically similar reference genomes based on the DN04 16S rRNA gene. Formula 2 is
shown…………………………………………………………...………………..…..…224
Table 12.1. Bacterial reference strains and the culture collection information, from which
the strains were purchased. Culture media, incubation temperature along with Biolog
inoculation fluids and incubation periods are also shown in the table.………...........…245
Table 12.2. Average nucleotide identity values obtained by using ONC3 as the query
genome and 5 closely related Massilia genomes based on genomic similarity as reference
strains.… …………………………………………………………………………….…250
Table 12.3 Average amino acid index values of similar genomes to ONC3 based on the
AAI profiler (Uniprot) database.………..................................…………………..…..…250
Table 12.4 GGDC output values using ONC3 as query genome and selecting 5 similar
genomes and using 3 different best-fit models being used. DNA-DNA hybridization
values are denoted as DDH..……….................. ………………………… ……..…..…250

xxi
Table 13.1 Bacterial type strains and the culture collections from which the strains were
purchased: American Type Culture Collection (ATCC, Manassas, USA), Leibniz
Institute DSMZ – German Collection of Microorganisms and Cell Cultures (DMSZ,
Braunscheig, Germany) or VTT Technical Research Centre of Finland (Espoo, Finland).
The culture medium, incubation temperature and the Biolog inoculation fluid that was
used for the analysis is also given in the table. The incubation period for the Biolog
assays was 4 d ………..……..…………………………………………………………274
Table 13.2 GGDC output values using M1 as query genome and selecting 9 similar
genomes using the full genome sequence with 3 different best-fit models being used. M1
was used as the reference genome and was compared to 9 similar genomes. DNA-DNA
hybridization values are denoted as DDH. ………..……..……………………….……278
Table 13.3 Average nucleotide identity values obtained by using M1 as the query genome
and 5 closely related Oxalobacteraceae strains based on genomic similarity as reference
strains. ….………………………………………………………………………………280
Table 13.4 Average amino acid identity values of similar genomes compared to M1 based
on the AAI profiler and the Uniprot database………………..……………………………...281
Table 14.1 OrthoANI values from EzBioCloud based on Massilia arenosa MC02T as the
query genome and the closest full reference genomes. Strain designation and Project
Accession numbers are identified in the table…………………………………..……...303
Table 14.2 GGDC values based on MC02T as the query, compared to the six most
genetically similar reference genomes based on the MC02T 16S rRNA gene. Formula 2
is shown.…………………………………………………………………………...…...303
Table 14.3 Differences in the utilization of different substrates and in the resistance
against different antibiotics between M. arenosa MC02T, and five Massilia strains: M.
albidiflava DSM 17472T, M. aerilata DSM 19289T, M. umbonata DSM 261121T, and
M. dura DSM 26121T, M. violacea LMG 28941T based on Biolog assays. The reference
strains and their numbers in culture collections are provided in Supplementary Table S1.
All plates were incubated for four days, and the appropriate growth medium and
inoculation fluid is indicated in the Supplementary Table S2. Positive and negative
controls were monitored for every assay.…………... ………………………..…...…...304

xxii
ABSTRACT
UTILIZING RHIZOSPHERIC AND BACTERIAL ENDOPHYTES FOR USE AS
POTENTIAL BIO-FERTILIZERS FOR SUSTAINABLE AGRICULTURAL
PRODUCTION
VINCENT PETA
2020

Brassica carinata crop production offers an exciting alternative approach to the
energy crisis when looking at novel ways to power our motor vehicles. Bacterial
endophytes, while residing in host-plant tissues, offer a wide array of plant growth
promotion benefits such as nitrogen fixation to impart nitrogen (N) nutrition, phosphate
(P) solubilization to make soil-bound phosphate more mobile in soil for plant uptake, can
suppress pathogenic microbes such as fungus and produce plant growth hormones to
offset stress incurred by the plant. Previous literature has shown that there is large interest
in studying endophytes from economically important crops such as wheat, soybean, and
corn. However, there is hardly any research being performed on oilseed crops such as
Brassica carinata (Ethiopian mustard) and how endophytes from these plants could be
used in agricultural management practices and as bio-fertilizers. We isolated and screen
20 endophytic bacteria from surface sterilized B. carinata plant tissue and screened these
bacterial isolates for nitrogen fixation, phosphate solubilization, indole-3- acetic acid
(IAA) production and fungal pathogen suppression. These bacteria to plants in an in-vitro
setting, greenhouse and field setting to ascertain if there were any growth promotion
capabilities in-planta. We found that the isolates all could all fix nitrogen and had various

xxiii
fungal suppression abilities depending on the pathogen. Three of the isolates could
solubilize phosphate and nine could produce IAA. Greenhouse testing and field testing
with different varieties of soybean, corn and wheat all showed varying results that could
be due to host specificity, the native microbial communities and a genotype effect but did
show growth promotion in certain cases. We also characterized four novel rhizosphere
bacteria under the family Oxalobacteraceae. Using 16S rRNA, whole genome sequencing
and biochemical profiling, we determined that these bacteria were all novel species and
type stains and assigned them as the following: Duganella callidus DN04, Massilia
arenosa MC02, Massilia hortus ONC3 and Noviherbaspirillum sperare M1. These
results shed light on the potential of these isolates to be produced as a bio-fertilizers.
However, more work needs to be performed to understand the plant-host relationship and
how this might affect plant growth.
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PART 1: RESEARCH AND CHARACTERTIZATION OF PLANT GROWTH
PROMOTING ENDOPHYTES OF OILSEED CROPS-LITERATURE REVIEW

Oilseed Crops as Alternative Biofuel and Plant Growth Promoting Bacteria as BioFertilizer Sources
Introduction
The area of biofuel is growing and with that potential new sources of biofuels are also
being researched. The world’s supply of non-renewable resources such as coal and crude
oil are dropping while pollution rates continue to climb. Long-term sustainable sources of
renewable fuels need to be developed to compensate for this loss in supply of fuel. Other
sources of renewable resources have been widely used and research such as vegetable oil
such as from soybean and sunflower oil. Yet, this creates a problem in that these crops
that are normally used to provide food are now being used for fuel production cutting into
the amount that can be used as sustenance. As time progress the trend of vegetable oil vs.
non-edible oil continues to change and shows that the ending stocks in vegetable oil are
starting to decrease. New crops of oilseeds have garnered interest as alternative sources
of biofuels. Focus has shifted upon oilseed crops, which when harvested produces a long
chain of inedible oil product that can be utilized in automobiles and can be further
processed into other products. Production of oil from oilseed crops do not cut into the
food market, however it still uses up land that could be used for growing edible crops as
well. Using oilseed crops would not blur the line of food and fuel, and thus its public
perception wouldn’t be as harsh as compared to using vegetable oil.
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Current Generation Oil Seed Crops
Types of Oilseed Crops
Currently available oilseed crops consist primarily of Soybean, Sunflower, Flax,
Canola, Camelina, Safflower, Yellow mustard, and Ethiopian mustard. The soybean plant
is a species of legume and is grown widely for its edible bean fruit. Soybeans oil content
consists about 20% and covers about 80% of India’s arable land, making it one of the
largest cash crops for the region. This crop is the second most planted crop in the United
States, with 77.9 million acres [1]. Soybeans, however, do require a longer growing
season and warmer days to gain maximum plant growth. Planting usually starts around
May or June and harvested around September through October and is generally located in
the Midwest of the U.S. The planting of soybeans has increasing become simpler with
new varieties that are herbicide resistant and planting methods that have also increased
yields and which in turn has increased profitability. The soybean can fix its own nitrogen
with the help of nodules that form on the root, resulting in a decrease in the amount of
nitrogen fertilizer needed to maintain nutrients.
Sunflower was one of the few crops that originated in the continental U.S and was
thought to be a “camp follower” of Native American tribes and was taken eastward and
southward of North America [2]. Really looked more as a curiosity; sunflowers weren’t
used in any sort of industry till around 1860. Russia first adapted sunflower to increase
oil yields from 28% to nearly 50%. These new oil lines were introduced to the U.S. after
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World War 2 and caused a renewed interest in the crop. New research also discovered the
male-sterile and restorer gene, which increase economic value of the crop and allowed
the creation of new hybrids [2]. However, disease and pest control problems have led to a
decline in the production of sunflower and thus prices for sunflower have also weakened.
Sunflower can withstand a shorter growing season with cooler temperature making it a
viable crop for the U.S. Midwest.
Flax (Linum usitatissimum) is another player in the oilseed market and is a nonlegume. This crop can be recognized by its characteristic blue to lavender petals when it
is in bloom. It can be grown annually and be planted in mild climates as a winter annual
as well. This crop was introduced by early European settlers and has since then
continually been produced in the U.S. and Canada. Now though, most of the production
of flax can be seen in the Dakotas and Minnesota. This can be attributed to the swift
maturity of Flax that is planted in cool conditions with a short growing season.
The plant Canola is part of the mustard family and is derived from rapeseed and
was developed by Canadian scientists without all the undesirable components that
rapeseed had. The processing of canola creates oil and a protein rich feed by-product that
can be fed to livestock. Compared to soybeans, which have a oil content of 20% and a
protein content of 40%, canola has an oil content of 40% and a protein content of 23%.
Canola is also low in harmful erucic acid and glucosinolates, which have been associated
with heart disease and toxic breakdown products, receptively. Fall and spring types of
canola are available for planting and are widely adapted to different climate zones.
Though it is particularly adapted to cool seasons of temperate zones. The winter variety
can also be planted in areas of snow cover or cooler temps around 32°F or 0°C. Canola
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has six main stages of growth which are associated with plant growth time and plant
characteristics. However, during the initial growth stages will the plant is still young, it is
very susceptible to plant diseases and pests.
Another oilseed crop that has been deemed an underutilized crop by many is
Safflower (Carthamus tinctorius). This plant was first brought over to the U.S. in the
1890s and wasn’t commercially produced until the 1950s [3]. Safflower was primarily
grown for its medicinal properties and deep red pigments in the Middle East, India,
northern Africa and Far East. Safflower grows best in dry and sunny areas while in more
damp environments yield is generally lower due to the prevalence of disease. While this
crop isn’t commercially farmed it is farmed in smaller acreages, making a niche crop
with production limited to North America. However, its economic importance still
remains high, with interest in its ability to adapt to limited soil moisture and little danger
of genetic erosion to the gene pool [4]. Oil content of the seed is about 30-45%, which is
improved due to varieties with improved oil content.
1.1 Market Capacity for Current Gen Oilseed Crops
The market size for these specific crops is huge when looking the products and
potential uses. The primary use for these crops is oil and food production. Sunflower,
safflower can be used as birdseed as well as sources in salad dressings and margins [5].
This oil is considered high quality oil because of its high linoleic acid content (almost
75%) and by some medical professions considered heart healthy. For industrial purposes
it used for producing paints and industrial surface coatings. The oil from safflower is also
light in color and doesn’t change color due to aging, which makes it a perfect dye for
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clothes. While this oil is also used as a diesel fuel substitute, the expense to produce such
a fuel is extremely high making it uneconomical to use [5].
The processing of sunflower can lead to different products as well, but sunflower
is most known for its oil that has been used greatly in cooking as frying oil and as a
preservative. Like Safflower, sunflower is also high in oleic oil content, over 80%, and is
prized over other oils for its bland flavor which does not add other unwanted flavors to
cooking. It also has a high smoke point leading to less cooking fires and has levels of
unsaturated fats, which are considered healthier alternatives to other edible fats.
Sunflower oil has also been used been used as additives in paints and varnishes and in the
production of soaps and detergents in Europe and parts of Asia, due to the abundance of
the crop. Sunflower oil has also been researched as a potential source of biodiesel fuel.
93% of the energy of the US Number 2 diesel fuel is contained in sunflower oil, which
increases its potential as a source for biofuel and biofuel additives [2].
Flax was originally used for linen and cloth and paper. A second product from
flaxseed is linseed oil, though this cannot be eaten but the meal produced as a byproduct
can be utilized in animal feed [6]. Flaxseed is also in the food industry as an additive to
food and as a condiment. Linseed oil has numerous applications in paints and coatings
and as but hasn’t seen much use in areas of fuels because of lost interest under vegetable
oil and petroleum products [6]. Linseed oils have little use right now is low yet for that
fact that it has a slow curing rate and can soften paint films. However, with further
interest in food and animal feeds the stock of Flax as a multipurpose crop has now started
to increase.

6
Canola seed is about 43% oil and is low in saturated fats and high in unsaturated
fats, making it a popular option in the food service industry and that it also has a high
smoke temperature [7]. A by-product of canola oil processing is an animal meal that is
high in protein. This animal also has a residual oil left in it after processing that gives an
added source of dietary nutrition as well. Canola oil is also viewed as another biofuel
source. It has one of the highest yields per acre of any crop grown in the Pacific
Northwest. The high levels of unsaturated fatty acids when processed into biofuel allow
the fuel to be used in low temperature environments [7].
Like other oilseed crops, soybean has uses both in the consumer sector and
industry. It can be used as a feed for animals such as livestock and aquaculture as well.
The high protein meal is also adequate for human consumption as well [8]. Soybean oil is
also used as a biofuel, through the processing of the seeding bodies, which produces
about 18-20% oil. Even though the amount of oil produced from soybeans is relatively
lower compared to other oilseed crops, the amount of soybean crops in the U.S. is large
making up for this lower the lower oil production.
1.2 New Generation Oilseed Crops
With the interest in oilseed crops becoming more prominent and improved
technology and understanding of plant growth and development other crops are being
investigated as potential sources of biofuel. While these crops have been grown for other
purposes, they have only just begun to be explored as sources of bioenergy.
Camelina (Camelina sativa) has been a crop grown in Europe for thousands of
years but use in the U.S. constrained. Several years ago, research was started and since
has been grown throughout the U.S. [9]. This crop is related to the mustard family and is
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usually a summer annual crop but can be grown in areas that have mild winters. Camelina
also has a short growing period, which lasts for about 100 days and is well adapted to
drought and little rainfall conditions [9]. Seedlings of Camelina have a very good frost
resistance as a seedling. It should be noted, that few herbicide treatments can be used on
Camelina and this crop does require a large amount of nitrogen after planting [10].
Camelina can be grown after several crops including peas, wheat and barley but shouldn’t
be grown after crops that are like it such as canola and mustard. This increases the
likelihood that insect and disease problems can arise affect these species [10].
White mustard (Sinapis alba) is another new oilseed crop is part of the
Brassicaceae family and like its relative Camelina can tolerate dry temperatures, has a
short growing season and is resistant to pests [11]. This crop has seed pods that are highly
shatter resistant which allows this crop to be directly combed. This plant is largely grown
in Pakistan which and has to compete with five major crops and receives little recognition
[11]. In the U.S., White mustard is grown around the Midwest of the U.S. and Canada
where it can stand up to extreme temperature shifts. It should be noted with all mustard
type crops that are in a cooler environment have a longer flowering stage and in return,
higher yields when harvested. White mustard contains about 8 seeds per pod while other
varieties contain more depending on the type.
Ethiopian mustard (Brassica carinata), a relative of White mustard, Canola and
Camelina is also part of the mustard family with similar attributes. These plants can be
planted in areas that are cooler as previously stated above but also can tolerate warmer
climates and drought conditions [12]. Carinata is also very tolerant against pests and only
a few pests and disease affect it. This species is also very genetically diverse however it
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does have a lower seed quality and are high in erucic acid [12]. Erucic acid is a
monounsaturated omeg-9 fatty acid, which has been associated with heart disease in
laboratory animal testing [13]. This makes it inedible for animal and human consumption
and is designated as a primary oilseed feedstock.

1.3 Market Capacity of 2nd Gen. Oilseed Crops

As with the older generation of oilseed crops, this new oilseed crops are being research as
new and, in some eyes, improved sources of biofuel. As of 2013, 200,000 to 500,000
acres of row crop/ pasture land during the winter months for oilseed production in Florida
[14].
Camelina has a large market capacity both in the food and industrial areas of
commerce. Camelina oil processed for vegetable is high in omega-3 fatty acids, which is
part of a area of growing interest in health research and the health market [10]. Salad
dressing and cooking oil are also areas of use for Camelina oil and this oil is also used in
the cosmetic market such as skin products, soaps and soft detergents [10]. The oil has
also use in biodiesel and as animal feed that has a protein content about 40% and can be
used as a companion crop as well [10].
White mustard has also seen heavy use in the industrial sector as well as the consumer
sector as well. Its use in is primarily as a new, emerging oilseed crop. White mustard can
has also seen use as edible oil in Pakistan and as of right now is being looked at for its
use a potential biofuel [11]. White mustard still doesn’t have large following as other
biofuel feedstocks do; however it shouldn’t be ruled out as one.
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Ethiopian mustard seed or B. carinata, has multiple uses in both the consumer and the
industrial sector, making it a prime candidate for use as not biofuels but in other products
as well. Carinata, when processed produces a long chain, inedible oil that is very similar
to that of petroleum-based fuels and can be utilized in current generation automobile
engines as well as airplane engines as well. This compatibility with existing technology
and fuel processing infrastructure is known as “drop-in” biofuel, giving it a more userfriendly expression. Consumers can also use products derived from carinata in the forms
of waxes, oils or lubricants, and has also seen use as fertilizer, green manure and as a
cover crop. The multiple uses and the robustness of carinata give it an edge over other
feedstocks for biofuels.

Advantages & Disadvantages of Biofuels
2.1 Advantages
With every new product there are always benefits and hindrances that must be
addressed. One of the biggest advantages of using oilseed crops as opposed to crude oil is
the cost advantage. They cost around the same as gasoline does, but the overall effect is a
lot greater. These fuels produce fewer emissions and are adapted to current engines in
both automobiles and airplanes. Biofuels also perform well in most conditions and thus
the engine that uses these fuels requires less maintenance as well. Fewer emissions also
bring down the effect of pollution and increased demand also is having the effect of
making these fuels cheaper through improved technology and practices that increase
yield and efficiency.
The sources for biofuels are renewable, meaning that these crops can be replanted
again and again for use. The current reservoirs of oil will last for many years but will one
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day run out, and to get to deeper sources of will require more time and effort that could
be spent on perfecting sources of biofuels. Biofuels are also easy to source; they don’t
require the amount of manpower and large amounts of equipment to source them.
A major advantage and a reason for turning to biofuels is the reduction of greenhouse
gasses in the environment. When fossil fuels are burnt, they release large amounts of
carbon dioxide, which trap in sunlight and cause the planet to warm. Burning biofuels
reduce this effect.
Countries that do not have a large a large reserve of crude oil have to import the rest,
which puts a burden on those countries’ economies. Being able to produce a biofuel
product could increase jobs and decrease dependence on foreign oil. These products
could also be exported to generate additional profit. This energy independence for a
country that has the ability to produce biofuels has a net positive effect. This means that a
country could supply its own energy without having to rely on other countries for help
and could also stay out of conflicts that arise with other nations.
Spill contamination is also magnitudes smaller when contamination is a biofuel source.
That doesn’t mean there isn’t some form of contamination if this does happen; since
biofuels are made out of biological molecules they are biodegradable [15]. Being
biodegradable, bacteria and other organisms that are naturally in the environment, use the
molecules as energy sources and the byproducts that are produced in return are harmless
to the environment. This is a benefit to the environment because these biofuel products
will not persist in the environment or cause a place to be uninhabitable for a long period
of time [15].This gives biofuels an edge over fossil fuels and can be carefully produced to
limit contamination as much as possible. Atmospheric contamination occurs when
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burning fossil fuels; sulfur is released from these fuels and forms acid rain, which can
erode soil and damage vegetation. Biofuels can be produced in a way that totally
eliminates sulfur, which takes away that acid rain factor [15].
These qualities make oilseed derived biofuels a very good alternative to the
traditional fossil fuels that are being used today.
2.2 Disadvantages
Even though biofuels have many advantages over fossil fuels and are better for
the environment there are still some disadvantages that need to be addressed when
considering alternative fuels.
Energy is a key component of biofuels and should be carefully considered when
looking at different types of biofuel feed stocks. The advantage with fossil fuels is that
these fuels contain a large amount of energy in a small size; many biofuels do not have
this attribute. Certain biofuel feedstocks have a low energy content causing them to be
thrown out as alternatives. Fossil fuels also are inexpensive and have additional uses
beyond just the scope of energy. That isn’t to say that biofuel sources don’t have the
same industrial capacity, more it’s that feedstocks aren’t as fully understood as fossil
fuels are, which is being offset with continued research.
Regional suitability should be considered for that fact that not all regions have the
environment to grow biofuel feedstocks. Water use is crucial to crop maintenance and
certain areas may not have enough water for large production of biofuels. Invasiveness of
plants could potentially kill off native plant species and could be difficult to control and
damage the existing ecosystem. Nutrient requirements of plants also need to be
considered because of these certain areas of land may not be able to grow biofuel feed
stocks and it would cost more money to fertilize and maintain the crop then the amount
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that would be gotten by the crop itself. Limitations also arise when areas are considered
for biofuel production. Areas that don’t have a climate that is suitable for growing biofuel
crops will have to import fuels regardless, so energy independence will still be an issue
[15].
Food security is a major issue with biofuel feedstocks. The need for land that can
be used for biofuel feedstocks is limited and competes with land that could be used for
growing food. With an increasing population taking away land used for food could larger
shortage in the food supply and lead to an increased risk for hunger in certain areas and
an increase in the price of food.
Creating land for new biofuel feedstock poses an issue for the existing ecosystem.
Destroying the habitat that is found locally around the new area destroys animal
dwellings, micro ecosystems and reduces the plant life that use to remove CO2 and adds
more carbon dioxide in the long run with burning of the biofuel. Preparing the area for
farming also creates a carbon debt because of the processes used to deforest the area.
Planting and harvesting also create more greenhouse gasses, putting the area in a net
positive for greenhouse gasses before even a single feedstock is produced into biofuel
[15]. Inevitably, changing the area to suit farming needs means more fertilizer is going to
be used to maintain the crop, especially if it is not well adapted to fixing nitrogen on its
own or forms specific relationships with microbes. This can lead to increased run off
pollution that impacts the local environment.
Monoculturing or growing one crop is easier in an area of region because the
practices used can be applied to all sectors and makes the procedures in a more uniform
way. However, having a monoculture area can lead to certain problems such as the
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availability of these crops to pests. If these crops are all planted in close proximity to
each other and there are not any other crops, specifically different types of crops to
separate them, then the pests can spread [15]. These pests could be treated with pesticides
but there would those small few pests that would be resistant. Also, farmers cannot spray
too much of these chemicals or it could affect human health as well. Genetic engineering
can be useful to modify crops to be resistant to pesticides removing the use of pesticides.
Though eventually pests will be able to attack these crops and the whole cycle will start
again. There are limits to what technology can do to improve crops or how crops are
grown. The major thing is having a large bio-diverse system of crops so that way if there
is a disease outbreak of some sort, there are other crops to turn to.
Brassica Species as oilseed Crops
The Brassica species is a crop that has garnered interest in the use as biofuel for a
variety of reasons. This crop can handle semi-arid environments, allowing it to adapt to
drought situations. This is also a plus to produce Brassica, this allows the crop to be put
into areas where not rainfall may occur, or water is scarce without having to impede the
production of food crops as well. As noted above, these plant species produce long-chain
oil that can be utilized in current generation engines of both automobiles and airplanes.
The existing infrastructure used in crude oil products can also be used with Brassica oil
products with little modifications making it a cost-effect alternative. This is all good news
for producers of Brassica crops; however, the cost and requirements of this specific crops
should also be observed as well. In the next passage, the production requirement of this
crop will be discussed and what considerations to take when maintain the crops as well.
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3.1 Production requirements
This plant is a hearty crop, which can adjust to different climate conditions as well is very
good at resisting pests, although it can still be infested. While carinata is like canola,
production practices are still being tests and learned to fully gain yield and growth out of
this crop. To maximize crop yield and to get the most out of this crop from an economic
standpoint, special attention should be paid several factors when producing this crop.
The seedbed will influence how well this crop grows and should be managed
throughout the growing period. This seeding depth should be approximately 1.3-2.5 cm
deep when planting [16]. Having adequate soil moisture and soil temperature for planting
also effects how seedlings will grow. The top inch of the seeding bed should also contain
acceptable moisture due to the shallow seeding depth [16].
Early seeding dates will give best results for carinata because of its long growing
season and should be planted around mid-April to early-May. However, the seeding date
will also depend on the weather and geography of the area. Soil temperature must also be
taken into account; seeding in too cool soils can delay emergence this can add stress to
the plant and prolong it to disease. Soil temperature should be at least 5°C if not higher
before any planting occurs [16].
The rate at which seeds should be planted will vary depending on field conditions
and should be carefully monitored. Seeding should be approximately 5 to 6 pounds per
acre or about 8 to 17 pants per square, which is optimum plant density. These higher
plant densities reduce days to maturity by almost one week and also reduce weed
competition [16]. Seed size is also a factor when seeding, seed size will vary through
year-to-year so seeding calculations will have to consider this varying in size.
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Seeding mortality, which is a function various factors that include: germination,
seeding vigor, seeding depth, soil moisture, in-row fertilizer rates, temperature, disease
and insects. This function should be performed every time seeding occurs to have an
approximate seed mortality rate. The research that has been performed has shown a range
of 30-60% for a small seed crop such as carinata [16].

3.2 Nitrogen Fertilization
Fertility management of carinata is also important to inspect for management of
carinata. Fertilizer requirements of carinata are like those of canola and should be
adhered to get the most yields out of this crop. Nitrogen is a large component of the
nutrient requirements that make up carinata for the fact that it uses nitrogen to produce
amino acids, which in turn are used to produce plant proteins. Carinata along with canola
needs higher amount of nitrogen because of the little association with microbes other than
endophytic bacteria and the fact that it does not form nodules with such bacteria as
Rhizobia and that it also does not fix nitrogen naturally.
Depending on the yield wanted, the amount of nitrogen will also vary. To give a better
picture a yield range from 1,500 (lb./acre) to 3,500 (lb./acre) which equates to 98 to 263
(lb. N/ acre) [16]. It should also be noted that carinata is sensitive to fertilizer applications
and that when applying fertilizer, it should be applied 1 inch away from the seed. Soil
samples should also be taken to know the soil chemistry or nutrient make up, soil pH and
salinity of the soil to also gauge how much nitrogen fertilizer to add after seeding and
during growth.
Nitrogen fertilizer is used in vast quantities all over the world. Growers utilize nitrogen
fertilizer to meet yield goals and consumer demands. However, increasing N fertilizer
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input does not equally correlate to an increase in yield. For instance, if N fertilizer was
increased by 30% when applied to corn, only a 4% yield increase would be seen and the
resulting leached N would increase by 53% [17]. This can lead to leaching into ground
water which is then consumed by animals and human health. Excess N fertilizers that is
not absorbed can also volatize quickly into the atmosphere adding to the already high
concentration of N2O gas [18]. Natural nitrogen cycling, such as denitrification and
nitrification also can add nitrous oxide gas to the atmosphere, making it more vital the
amount of nitrogen fertilizer be monitored and precisely calculated for yield goals.
3.3 Phosphate Fertilization
Another major nutrient of plant health and development is phosphate, which can
be found in organic and inorganic forms. Phosphate requirements for carinata can be
compared to other species of Brassica, for example, camelina. Carinata is responsive to
about 30-40 lbs./ acre of phosphate, however, this can be decreased or increased
depending on the phosphate content of the soil [19].
It is the second most important element and while it is readily available in soils, however,
it is not very mobile and usually bound in soils, with only 0.1% available for plant
uptake, when found organically [20]. Mineral based phosphate is also available in the
soil, however, this can also be bound in the soil by fixation or absorption in clay soils
[21]. Phosphate is currently mined as non-renewable resource and estimates depict that
only about 100 years of phosphate reserves are left on the Earth, while globally 30
million tons of P fertilizers are applied every year. Uptake of P fertilizers is only 20%, the
other 80% is lost from the plant system.
Brassica management and in turn crop-plant management with manmade fertilizers is
important to meeting yield goals and crop targets. However, these resources are finite and
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expensive to produce. Environmental concerns also are becoming more and more
prevalent with the earth experiencing climate change and the need to protect the
resources and environment that we have left.
4. Plant Endophytic Bacteria
Plant bacterial endophytes are bacteria that colonize plant tissues without
imparting damage to the plant and causing plant disease symptoms [22]. These bacteria
are usually found between plant cells but can also be found inside plant cells in certain
cases [23]. However, endophytes do illicit an immune response but instead of causing
harm, endophytes will prime the plant immune system aiding in plant defense from
pathogenic threats.
4.1 Microbial Diversity
Endophytic diversity and in turn microbiome diversity is dependent on several
factors. These factors include plant environment and climate, plant genetics, microbial
capabilities, plant-microbe interactions, and plant seed microbiomes [24-26]. It isn’t just
the plant determining the final output but an intricate networking of signals, host and
microbial genetics and environmental cues that form and continually shape the plant
microbiome.
Climate and in-turn climate change can have a major effect on the not just the
plant host but also the microbial community. These temperature fluctuations can have
huge effects on just terrestrial plant life but also microbial communities. With climate
change microbial communities will have to adapt and change to deal with rising
temperatures and extremes in weather. Warming temperatures may cause microbial
communities that cannot adapt quickly enough to die off, however, some communities
will change their composition and carbon utilization [27].
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Environments also have an impact on how the microbial community is shaped in
the soil and inside the plant-host. pH, soil nutrients and soil chemistry all can have major
effects on microbial communities as well. Extremely low or high pH causes a
compositional changes in microbial communities because of the added stressor whereas
soil nutrients and soil chemistry may affect the soil starting soil community and maybe
further constricted when forming relationships with plant-hosts [28].
Plant-host genetics can have a large effect on the overall resulting community that
reside in plants. However, as said before the plant environment or habitat also greatly
affect the resulting microbial community. As plants age, the microbiome can shift to
better aid the plant and its needs which can lead to different community compositions,
however, it is seen that there can be overlapping communities in different part of a plant
[29, 30]. Having redundant microbial communities allows the plant to focus on growth
and development without the need to having a specialized community and added
caretaking for that community.
The seed microbiome can be thought as a starter microbiome for the plant. Seed
size and seed anatomy shape the seed microbiome and in turn what the plant may start off
with as a microbiome. Seed microbiomes also determine the structure and function of the
final assembled plant microbiome [25]. This also holds true when studying cultivars of
species. Cultivars of Brassica napus seed have been recorded to have 1/3 of the same
community OTUs and each cultivar had its own community structure, community
diversity and unique microorganisms [31].
This all leads to a complex and evolving microbiome of a plant. Many environmental
factors have lasting effects on a plant’s microbiome and the resulting endophytes that
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dwell there. Plant genetics as well as microbial interactions also shape and change the
community over time helping to aid the plant as it grows and develops.
4.2 Mechanisms of Plant Tissue Colonization
Endophytes can enter a host-plant’s tissue in several ways. As said above,
endophytes can start from the seed of a parent plant’s progeny. However, the plant is in a
constantly changing habitat with many factors affecting the how the plant will grow and
how endophytes will be taken in.
Plants will initially start to recruit endophytes from the surrounding soil to start
the process of up taking endophytes. Usually root exudates are released that contain
certain substrates that illicit plant and microbial communication. Microbe-to-microbe
communication or quorum sensing (QS) is also an important aspect to plant-microbial
recruitment. QS molecules help microbes respond to neighboring microbes and the
environment in which they inhabit. QS are also required for some microbial species to
colonize plant tissue as well as perform plant growth promoting duties [32]. Common
plant growth promoting hormones, such as, indole-3-acetic acid (IAA), additionally, can
be utilized as bacteria signaling molecules. IAA can alter gene expression in other
bacteria and either to an increase or decrease in the colonization of certain microbial
species.
For the endophyte to have a successful colonization of the hostplant, several
actions need to happen. Endophytes will start by attaching or adhering themselves to
roots and then look for any available openings, such as cracks or wounds. Endophytes
can also enter the plant via the stomata and pores in the plants shoot [33]. As the
endophyte starts to enter the plant, the hostplant then recognizes the endophyte and a
cross-talk using signaling molecules begins between the two organisms begins [34]. It

20
should also be noted that not all endophytes will spread throughout the plant. Some will
colonize the roots or shoots and only colonize those compartments of the plant and never
inhabit other parts of the plant.
Other endophytes can also utilize special enzymes such as cellulases and
pectinases to aid in breaking down the plant cell wall and then allowing the endophytes to
spread out through plant tissue. Endophytes have also been known to form biofilms to
colonize plants. This allows for the bacteria to adhere to the plant surface and then enter
the plant [35].
4.3 Determining Microbial Diversity in the Plant Microbiome
As stated above, the plant microbiome is always changing and is partially a consequence
of environment and plant-host genetics. Identification and characterization of microbes
and microbial communities can vary from lab to lab, but the most popular methods are
broken up into two categories: culture-dependent and culture-independent. Each method
has own pros and cons and can benefit researchers in different ways. Culture-dependent
methods rely on using culturing or growing media for microbes. This can help to isolate
and culture microbes in a rapid pace. One can also use selective culturing media that will
only grow certain species of microbes, if the goal is to find a specific microbe or species
of microbe. The researcher can then isolate the microbes of interest and continue studying
them physically. If a culture-independent approach is used, then the researcher has a
broader analysis in mind. Culture-independent methods usually revolve around extraction
of microbial genomic material from plant tissue or environmental substrates and using
that material in sequencing operations to create an overall picture of the microbial
community in that time and place. Both methods have advantages and disadvantages.
Culture dependent methods may not recover a large portion of the community, but
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scientists can readily isolate strains of interest and study them in greater detail. This can
be combined with studies that look into genome annotation and in vitro mechanism of
certain strains [36]. Culture independent allows the researcher to study community
composition of a microbial community as well study the composition over time and
record changes based on a variety of environmental inputs.
When studying the microbiome of plants, modern sequencing methods are usually
employed that aid the researcher in the elucidation of the microbiome of plants. Culture
independent methods are popular when wanting to analyze a larger proportion of the
microbial community and where single isolate cultures are not the main goal. Some
popular platforms are Illumina and PacBio’s sequencing platforms such Miseq and
SMRT (single molecule, real-time), respectively, sequencing platforms. These platforms
allow researchers to produce sequence data, in a short-read format, that can be used as to
perform a taxonomic profile on the microbial communities. These platforms rely on
short- read sequencing of the 16S rRNA gene for bacterial identification. However, shortread sequencing of 16S rRNA gene use to be enough for taxonomic identification,
however, with new technologies this idea has now become obsolete and full 16S rRNA
gene is now being used for better taxonomic resolution [37].
Determining diversity of bacterial based on 16S rRNA gene analysis is one of the
goals of microbial ecology. This can be broken up into different sections depending on
what the researcher wants to use. Functional diversity is the
When wanting to publish new species of bacterial strains 16S rRNA gene
sequencing is not adequate for publication purposes or doing additional analysis such as
virulent gene searches, it is wise to opt for whole genome sequencing (WGS) of a
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bacterial isolate. WGS or strain typing for bacterial identification has been used in the
medical sector to identify pathogen strains of Staphylococcus aureus that are antibiotic
resistant that can reside in hospital settings. This platform can distinguish strains down to
single nucleotide differences making a valuable resource in helping track disease
outbreaks and identify different pathogenic strains [38]. This is also helpful when having
to classify novel species or strains of bacteria when 16S rRNA gene sequencing is either
not enough for identification or gives a complementary analysis of the strain that can be
used to build upon existing 16S sequencing. Whole genome sequencing can also yield
important data about the potential activity an isolate could have, i.e. nitrogen fixation.
This can also be valuable when searching for potential virulence genes that could cause
harm to personnel working in a laboratory environment or if this strain would be applied
in an outside environment. Popular assembly applications like Unicyler [39] and SPades
[40] aid the researcher in taking raw genomic data and assembling it into complete
genomes that can then be annotated with applications such as Prokka [41], that give the
researcher data on any genes that are of interest or as stated above, genes that could lead
to virulence in any environment. Whole genome sequencing can be used to identity novel
microbial strains which may show close relatives when just comparing 16S rRNA
sequencing. If this occurs a genome of interest and genetically similar genomes can be
aligned and similar genes that show up in each genome can be used as a means to show
how similar strains can be at the genomic level [42]. A researcher can use genes that a
family or genus is known for to ado a more targeted comparison without having to rely
on the 16S rRNA information in the genome [43].
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5. Plant Growth Promotion Characteristics
One of the key reasons why researchers study plant bacterial endophytes is to determine
their ability to increase plant growth after application. The main goal of various research
projects is to develop or progress the development of a biologically based fertilizer that
could be used to limit the application of man-made fertilizers and would help to limit
fertilizer pollution, decrease fertilizer price and in-turn, lower commodity good prices.
Nitrogen is one of the major nutrients that a plant use throughout its lifecycle and
is also one of the most limiting growth factors when it comes to plant growth and
fertilizers. This also makes it one of the most researched growth promoting
characteristics of plant growth promoting endophytes and microbes [44].
5.1 Biological Nitrogen Fixation
Biological nitrogen fixation (BNF) by microbes is a powerful ally when it comes
to fighting climate change and helping to protect the environment. Nitrogen fixing
endophytes in some cases can provide over half of the nitrogen requirements for planthosts allowing the grower to concentrate efforts on other areas of nutrient or possibly
combating crops pests [45].
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BNF is simply the conversion of
atmospheric nitrogen to ammonia.
This can then be made available to
plants either then the microbe dies or
passes the new ammonia product
from itself to the plant or rhizosphere.
Biological nitrogen fixation (BNF) is
Figure 1.1 The enzymatic complex of nitrogenase.

an energy expensive reaction one that

needs to be performed in an environment that almost void of oxygen or a microaerobic
environment (Figure 1.1) [46]. This process is catalyzed by the nitrogenase enzyme
which is produced by the nif gene which is typically the nifD, nifK, nifH gene [47]. This
is a complex that is comprised of a dinitrogenase reductase subunit and a
heterotetrametric core that is made up of an iron-molybdenum cofactor [48]. This
cofactor arrangement causes the reduction of N2 to ammonia to be expensive in terms of
energy requirements, with the reaction needing at least 16 ATP per molecule of
atmospheric nitrogen. Nutrient availability also plays a role in how well a microorganism
fixes nitrogen. Phosphate, iron and nitrogen availability will effect phosphate fixing
populations differently, for example, if a more nitrogen is available to a community they
mix fix more phosphate at a higher rate whereas if nitrogen is limited, nitrogen fixation
my decease as an effect from that [49].
5.2 Phosphate Solubilization
Phosphate solubilization by microorganisms is another popular growth promoting
characteristic that researchers investigate. Phosphate based fertilizers are applied to help
increase plant yield, however, only 20% of applied P is taken up by the plant and the rest
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is bound in soil and becomes insoluble [50]. With phosphate solubilization bacteria
(PSB), this could be remedied, and the extra phosphate could be available to the plant for
life processes. Solubilization is usually performed by a mechanism of the bacteria
releasing organic acids that then chelate the P complex. It does this by chelating the
divalent cations from Ca2+ and release the free P to the surrounding plant root system
(Figure 2.)[50].
This is mediated by the
periplasmic glucose
oxidation through
pyrroloquinoline
quinone (PQQ)dependent glucose
Figure 1.2. Bacterial phosphate solubilization pathway and effects on surrounding
insoluble phosphate in the environment.

dehydrogenase (GDH)
enzyme that can then

help to solubilize the mineral P. This co-enzyme complex is controlled by the pqq operon
which encodes PQQ and GDH, which is encoded by the gcd gene and the PQQ [51].
These gene complexes seem to work more efficiently when there is a carbon source
available for the bacterial to utilize over a nutrient poor environment. Being able to
control or augment the ability of a bacterial strains ability to solubilize phosphate would
help to relieve the stress on both the environment, grower, and economy.
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5.3 Plant Growth Hormone Producttion
Plant growth hormones are
commonly referred to as
auxins with one of the most
common auxins being indole3-acetic acid (IAA). While
this can be a growth
Figure 1.3. Bacterial production of IAA through tryptophan independent and
dependent pathways in-vivo.

promotion it can also act as a

signaling molecule between bacteria and plants with high concentrations being able to
increase root growth and biomass [52]. Hormones such as IAA are produced by a variety
of rhizosphere inhabitants such as pathogens and can reduce pathogen defenses in plants
[53]. IAA production has several pathways that can be functional depending on the strain
of bacteria being studied. However, one of the most common pathways studied and is the
tryptophan dependent pathway, where tryptophan is used as a precursor and up-regulates
the genes controlling this specific IAA pathway. They are four tryptophan dependent
pathways which include: the indole-3-pyruvic acid (IPyA), indole-3-acetamide (IAM),
indole-3-acetonitrile (IAN), and tryptamine (TAM) pathways (Figure 3.) [54]. The most
studied bacterial pathway of IAA is the IAM pathway, which is characterized by its twostep pathway that is catalyzed by the tryptophan-2-monooxygenase (IaaM) and IAM
hydrolase (IaaH), which is then encoded by iaaM and the iaaH genes, respectively.
However, there are tryptophan independent pathways that are less characterized but are
still viable ways for bacteria and other microorganisms to produce IAA. IAA producing
microbes could be applied after minimal fertilization to offer aid in plant root
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development which in turn could allow the plant to become heartier and being to
withstand environmental stresses better than non-inoculated crops.
6. Future Research and Potential Product Development
It is without question that plant associated microbes play a large role in the
development and lifecycle of their plant cohorts. It can also be said that the opposite is
true as well, and that plants can modulate both the rhizosphere and endopshere microbial
populations. Plant-associated microbes should be seen as a means to combat not just a
potential food shortage but also as a weapon to fight climate change. Man-made
fertilizers offer a way to produce large amounts of food crops for a growing population,
however, it also gives off massive amount of greenhouse gasses and can be draining on
both the economy and the growers that use the product.
When studying plant-associated microbes, it could also help to study plants that
are natively grown in nutrient poor environments and have a microbiome that is already
primed for applications in stressful environments. This would make it easier to test for
characteristics that offer plant growth promotion in nutrient limited environments and
could be incorporated into management practices in a quicker manner than those isolates
that come from relatively nutrient stable soils or hosts. This is also true when wanting to
combat pest or fungal pathogens. Using plants that have been affected by either pest or
pathogens and live through the experience, could yield microbial endophytes that have
abilities to fight off biotic stressors such as these.
Using plants that have numerous roles agriculturally and economically would also
be a benefit to both researchers and consumers. Biofuel crops like brassica carinata, offer
a dual purpose. Carinata is being produced as a biofuel feed stock, with the intent to
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produce it as a source for bio-jet fuel and biodiesel. At the same time, carinata can grow
in nutrient poor environments and areas where these is semi-adequate rainfall. These
traits could have effects on the microbiome and yield microbial isolates that have abilities
to aid in plant growth promotion, as stated above.
For future endeavors, research should be focused on studying the microbiome of
plants of interest and determining community function and the ability to isolate microbial
strains that could be used in downstream studies. The potential of products and crop
management strategies that could come from this research is enormous and should not be
wasted. This could help give additional security to the planets food crops and production
crops for future generations as well as be a source for novel applications not just in the
agronomy sector but health and medicine as well.
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2.1 Abstract
Plants are meta-organisms that are associated with complex microbiomes. Many of the
microorganisms that reside on plant surfaces (epiphytes), or within plant tissues
(endophytes) do not cause any plant diseases, but often contribute significantly to the
nutrient supply of their host plant and can help the plant to overcome a variety of biotic
or abiotic stresses. The yield potential of any plant does not only depend on successful
plant traits that improve for example the adaptation to low input conditions or other
stressful environments, but also on the plant microbiome and its potential to promote
plant growth under these conditions. There is a growing interest to unravel the
mechanisms underlying these beneficial plant microbe interactions, because the activities
of these microbial communities are of critical importance for plant growth under abiotic
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and biotic stresses and could lead to the development of novel strategies to improve
yields and stress resistances of agronomically important crops. In this chapter, we
summarize our current understanding of the beneficial interactions of soybean plants with
arbuscular mycorrhizal fungi, nitrogen fixing rhizobia, and fungal and bacterial
endophytes, and identify major knowledge gaps that need to be filled to use beneficial
microbes to their full potential.

Keywords: Arbuscular mycorrhizal symbiosis, biological nitrogen fixation, endophytes,
rhizobia, tripartite interactions
2.2 Introduction
The plant rhizosphere and phyllosphere is colonized by a wide range of epiphytic and
endophytic microorganisms and these microorganisms can establish beneficial, neutral, or
detrimental associations of varying intimacy with their host plant. Recent developments in
sequencing technologies have enabled us to study the composition and function of plant
microbiomes, but plant microbiomes are dynamic, and differ among different plant tissues,
and in response to the environment. The plant microbiome can also be seen as “the second
plant genome” or pan-genome and can consist of 10 times more genes than typical plant
genomes [55]. Beneficial microorganisms that are associated with plants hold enormous
potential to be developed into microbial fertilizers or microbial pesticides [56] and new
biotechnological tools to increase the nutrient efficiency and stress tolerance of crops, and
environmental sustainability of agroecosystems. Specific interactions between microbes
and plants, such as the Rhizobium-legume symbioses, are well understood, but the majority
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of the plant microbiome, and its contribution to the extended phenotype of the host, is not
yet well defined.
Soybeans form interactions with nitrogen-fixing rhizobia and this symbiosis plays a key
role for the nitrogen (N) nutrition of the plant, but also for agricultural productivity since
soybean root residues provide N for other plants in crop rotations [57, 58]. Arbuscular
mycorrhizal (AM) fungi colonize the root system of the majority of land plants, including
soybeans, and transfer nutrients such as phosphate (P), N, potassium (K), and other
nutrients to their host plants, and improve the resistance of their host plant against abiotic
(e.g. drought, salinity, heavy metals), and biotic stresses [59]. In addition, soybeans are
associated with endophytes that live inside their plant host for at least part of their lives,
without causing apparent disease symptoms as a result of this colonization. Plant
endophytes exhibit a wide range of plant growth promoting capabilities, including the
production of phytohormones, an improved nitrogen (N) nutrition through biological
nitrogen

fixation

(diazotrophic

endophytes),

the

biosynthesis

of

ACC

(1-

aminocyclopropane-1-carboxylate) deaminase, the capability to solubilize phosphate, and
also the biosynthesis and release of antimicrobial metabolites or siderophores to inhibit the
growth of pathogenic microorganisms [35].
The plant microbiome is a largely unexplored resource of beneficial microorganisms with
diverse properties and a hidden potential to manipulate plant growth and success in
stressful environments. However, while the symbiosis of soybeans with rhizobia and with
AM fungi is well characterized, the functional role of endophytes is only known for a
limited number of isolates. Our functional understanding of these interactions is mainly
based on experiments with individual symbionts, but there is increasing evidence that
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individual symbionts can also affect the interactions of the plant with other symbionts [6063]. We summarize here the effects of different beneficial microbes on nutrient uptake,
yield and stress resistance of soybeans, and identify knowledge gaps that hinder the
application of these interactions to their full potential in soybean production systems.
Beneficial plant microbe interactions of soybean plants
2.3.1 Arbuscular mycorrhizal symbiosis
The arbuscular mycorrhizal (AM) symbiosis is arguably the most important symbiosis on
Earth and is formed by more than 65% of all known land plant species (n > 200,000),
including all legumes and many other agronomically important crops, such as wheat, corn,
and rice [64]. AM fungi are classified into the fungal subphylum Glomeromycota that
consists of less than 350 fungal species [65]. AM fungi co-exist relatively morphologically
unaltered with plants for more than 400 million years, and there is evidence that suggests
that the AM symbiosis played a critical role for land plant evolution [66].
It is long known that AM fungi can increase the nutrient uptake of their host plant, and are
able to deliver substantial amounts of P, N, K, sulfur (S), and trace elements, such as copper
(Cu) and zinc (Zn) to the plant. Many AM fungi also provide non-nutritional benefits for
their host that are critical for plant survival or fitness, and improve for example the
resistance of plants against abiotic (e.g. drought, heavy metal, salinity) and biotic
(pathogens) stresses [59]. In return for these benefits, host plants transfer up to 20-25% of
their photosynthetically derived carbohydrates to the fungal symbiont [67]. It was generally
believed that carbon is transferred to the fungus in the form of hexoses [68], but recent
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evidence suggests that also fatty acids can move across the mycorrhizal interface to the
fungal partner (Figure 1) [69-71].
AM fungi are ubiquitous in soils and can account for up to 50 % of the microbial biomass
in soils [72]. AM fungi form extensive hyphal networks in soils, and the extraradical
mycelium (ERM) of the fungus acts as an extension of the root system and increases the
nutrient absorbing surface of the root. The ERM with its mycorrhizosphere (interface
between fungal hyphae and the soil) acts as an important conduit between microbial
communities and the host plant [73] and can provide soil microbial communities with
plant-derived carbon (C) inputs in large distance from the root. The mycorrhizosphere
represents in soils an important ecological niche for diverse microbial communities that
are specifically adapted to this mycorrhizosphere. According to estimates, the bacterial
density in the mycorrhizosphere is 4 to 5 times higher than in the plant rhizosphere [74].
However, the presence of AM fungal mycelia does not only lead to quantitative, but also
to qualitative changes in the microbial community composition in soils [75]. The presence
of AM fungal hyphae plays an important role in the bacterial community assembly during
decomposition [75] and affects the access of members of these microbial communities to
C sources during decomposition [76].
Within the host root, the fungus can spread intercellularly, but also penetrates the root
cortex intracellularly, and forms here highly branched specialized structures, called
arbuscules that are separated from the plant symplast by the plant periarbuscular membrane
[77]. Some AM fungal species also form vesicles, thick-walled, lipid containing storage
organs in the roots. Arbuscules are the site of nutrient exchange between the plant and the
fungus, and both the fungal cell membrane and the plant periarbuscular membrane are
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characterized by the presence of specific transport proteins that play a critical role for the
resource exchange between both partners (Figure 1) [68, 78, 79].
The colonization of host roots by AM fungi is based on a molecular dialog between both
partners that facilitates partner recognition and triggers responses in both partners that are
critical for the establishment of the symbiosis [80]. After fungal spore germination, an
extensive hyphal branching in close proximity to host roots can be observed that is
triggered by strigolactones and other compounds in root exudates [81]. After attachment to
the host root surface and the differentiation of a fungal hyphopodium, the fungus penetrates
the root, and spreads with the help of a prepenetration apparatus [82], and forms arbuscules
in the cells of the root cortex. Initiated is this process by the release of
lipochitooligosaccharides, or Myc factors by the fungus, that are perceived by specific
receptors on the host root surface and trigger a cascade of molecular responses in the host
root. The pathway is called the common symbiotic signaling pathway (CSSP), since similar
responses can be observed after the perception of rhizobial Nod factors [80, 83]. A key role
for the perception of fungal Myc or Nod factors by the rhizodermis plays the membranebound receptor-like kinase SYMRK that activates the mevalonate (MVA) biosynthetic
enzyme HMGR1(3-hydroxy-3-methylglutaryl CoA reductase 1). A second set of CSSP
proteins is located in the nuclear pore complex and includes the three nucleoporins
NUP133, NUP85, and NENA, the ATP-powered Ca2+ pump MCA8, and cation channels
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encoded by CASTOR and POLLUX involved in the strong Ca2+ oscillations in the nucleus
of rhizodermal cells that can be observed shortly after Myc factor perception. Another set
of proteins is located in the nucleoplasm and decodes these Ca2+ signals [83, 84]. A
Ca2+/calmodulin-dependent protein kinase (CCaMK) phosphorylates with the help of
calmodulin CYCLOPS, which then regulates gene expression either directly, or through
GRAS transcription factors such as NSP1, NSP2, and RAM1 [83-85]. The elucidation of
the CSSP is mainly based on studies in the model legumes Medicago truncatula or Lotus
japonicus, but the fact that the proteins of the CSSP are highly evolutionary conserved, and
even present in plants that are unable to form AM interactions, suggest that this pathway is
also established in soybeans. Mycorrhizal plants have two pathways that are involved in
the
uptake

nutrient
from

the soil: the
‘plant
pathway’ via
high- and lowaffinity
transporters in
root epidermis
Figure 2.1 Overview of the mycorrhizal nutrient uptake pathway in AM roots of soybean plants via
the extraradical mycelium of the fungus (a), and the mycorrhizal interface consisting of the fungal
arbuscule in root cortical cells surrounded by the periarbuscular membrane of the host (b). Both,
fungal cell membrane and plant periarbuscular membrane are characterized by the presence of
mycorrhiza specific transporters that play a critical role for the nutrient exchange across the
mycorrhizal interface of soybean plants (e.g. GmPT7 or GmAMT4.1, see also below).

and root hairs
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the
‘mycorrhizal
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first involves the uptake of nutrients via the ERM of the fungus, transport to the arbuscules,
and then the uptake by the plant from the interfacial apoplast through specialized
transporters in the periarbuscular membrane. In response to the colonization with AM
fungi, transporters that are involved in the plant pathway are often down-regulated, while
mycorrhiza-specific transporters in the periarbuscular membrane are induced [86],
indicating that there is a shift in the nutrient acquisition strategy, and that the mycorrhizal
pathway can become the dominant pathway for nutrient uptake [87, 88].
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2.3.2. Importance of arbuscular mycorrhizal fungi for yield and nutrient uptake of
soybeans
Under both greenhouse and field conditions, increases in nutrient content, yield and overall
fitness of soybeans in response to an AM colonization have been reported [89, 90], and
soybean yields were found to be significantly correlated to the colonization of the roots
with AM fungi [91]. Many reports clearly demonstrate the positive effects of AM fungi on
the nutrient uptake of soybeans, and here particularly on the uptake of phosphorus (P) and
of nitrogen (N) [92-94]. However, the effects can differ greatly among AM fungi. Our own
studies demonstrated for example that while the AM fungus Rhizophagus irregularis can
increase the P nutrition of soybeans with low or high P acquisition efficiency, Glomus
custos had no effect and Glomus aggregatum even led to slight growth depressions under
medium P supply conditions [92].
Some of the observed differences among these AM fungi seem to be related to the impact
of the AM fungus on plant P transporter expression. Fourteen genes of the Pht1 family
have been identified in soybeans [95], and three of these transporters show high expression
levels in mycorrhizal roots [96]. While the colonization of the roots with R. irregularis led
to the down-regulation of GmPt4, a high affinity P uptake transporter that is presumably
involved in the uptake of P from the soil, was the expression of GmPt9, and GmPt10 upregulated in AM roots. GmPt9 andGmPt10 cluster with the mycorrhiza-inducible P
transporters OsPt11 of Oryza sativa (rice) and MtPt4 of Medicago truncatula that play a
critical role for the P uptake from the mycorrhizal interface [79, 97]. GmPt9 was upregulated by G. aggregatum and R. irregularis, but GmPt10 was only upregulated by R.
irregularis, indicating that this transporter is involved in the P uptake from the interface,
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and that GmPt10 expression can serve as an indicator for mycorrhizal P benefits in soybean
plants. GmPt7, another soybean P transporter, shows a high expression in cells with mature
and active arbuscules, but is not expressed in cells with collapsed and degenerated
arbuscules, suggesting that this transporter may also play a role for the P transport across
the AM interface. However, GmPt7 is not a mycorrhiza specific transporter, and is also
expressed in columella cells of root caps and in lateral root primordia of non-mycorrhizal
roots [98]. Similarly, out of the 16 ammonium (NH4+) transporters of soybean, five
transporters are mycorrhiza-inducible, and one of them, GmAMT4.1 is specifically
expressed in arbusculated cells (Figure 1), indicating that this transporter could be involved
in the NH4+ transport across the AM interface [99].
There is evidence from the model legume Medicago truncatula, that AM fungi can also
improve the acquisition of other macronutrients such as potassium (K) or sulfur [100, 101].
K deficiency is a common problem in soybeans and can lead to yellowing of the leaves,
stunted growth and reduced yields and can become particularly severe under drought stress.
Although transcriptional and physiological responses to K deprivation have been studied
in other legumes [102], whether AM fungi also play a role in the K acquisition of soybean
plants is not yet known.
2.3.3 Importance of arbuscular mycorrhizal fungi for the stress resistance of soybeans
AM fungi can also increase the resistance of soybeans against other abiotic stresses such
as drought, salinity or soil contaminations. It is known for several decades that the AM
colonization can improve the tolerance of soybeans against drought [103]. AM fungi can
influence leaf water potential, solute accumulation, and oxidative stress of soybeans under
drought stress [104], and delay nodule senescence triggered by water deprivation [105]. In
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AM soybeans, plasma membrane aquaporins were down-regulated in response to drought
stress, and this could reduce the permeability of membranes for water and contribute to
water conservation [106]. In addition, both fungal and plant mitogen-activated protein
kinases (MAPKs) are up-regulated in AM soybean plants under drought stress. MAPK
cascades are known to regulate many cellular processes in response to various stimuli,
including abiotic and biotic stresses [107]. AM fungi also improve the tolerance of
soybeans against salinity. AM plants had a higher biomass, and proline concentrations in
roots, but reduced proline and Na concentrations in the shoot under salt stress. When the
fungus was pre-treated with NaCl, the alleviating effects were even stronger, indicating
that the acclimation of the fungus to salinity may play a role for the stress response [108].
AM fungi can also improve the tolerance of soybeans against arsenic [109] and aluminum
[110] by reducing the uptake of these toxic metals.
Soybean yield and productivity is also threatened by many fungal or bacterial diseases, and
soil inhabiting nematodes. Soybean cyst nematodes (SCN, Heterodera glycines), brown
spot (Septoria glycines), charcoal rot (Macrophomina phaseolina), rot and stem rot
(Phytophthora sojae), and soybean rust (Phakopsora pachyrhizi and P. meibomiae) are
among the most important pathogens of soybeans and cause substantial yield losses in the
U.S. [111]. SCN are often responsible for hidden yield losses, since soil infestations remain
often undetected since they become severe. SCN can spread easily from field to field via
soil movements with machinery, wind, or by humans, and can now be detected in 90% of
the soybean producing states in the U.S. [112]. SCN infestations can lead to yield losses of
more than 30% and are responsible for about $ 1.5 billion in soybean crop damage each
year in the U.S. AM fungi can protect soybeans against a wide range of pathogens,
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including fungi, bacteria, nematodes or insects [113], and reduce the SCN egg population
in soils by 70% [114]. The positive impact of AM fungi on biotic stresses has been
attributed to the overall positive effect on nutrient uptake and a damage compensation
effect, the competition for root space and soil nutrients, induced systemic resistance (ISR)
and altered rhizosphere interactions. In addition, AM fungi form extensive hyphal networks
in soils and can connect plants of the same or of different plant species by common mycelial
networks (CMNs). CMNs play an important role in the plant-to-plant communication and
can transfer infochemicals and warning signals from infested plants to uninfested plants
and stimulate defence reactions in these plants [115].
2.4. Nitrogen-fixing symbiosis with rhizobia
Most legume plants are able to interact with N-fixing bacteria, called rhizobia that are able
to reduce atmospheric dinitrogen (N2) into ammonia (NH3) in specialized root nodules. The
symbiosis evolved in legumes between 25 and 50 million years ago [116, 117], and plays
an important role for plant nitrogen (N) nutrition. Rhizobia can contribute with up to 70%
to the total N nutrition, and grain legumes can gain up to 300 Kg N, and legume trees (e.g.
Acacia sp.) up to 600 Kg N per ha and year from these interactions [58, 118]. Free living
rhizobia produce Nod factors that are perceived by plant roots and act as triggers for the
common symbiotic signaling pathway (CSSP; see above). Nod factors are also
lipochitooligosaccharides that are composed of chitin chains with various lipid
modifications. Chitin is the main constituent of fungal but not of bacterial cell walls, and
the functional and structural similarities between Nod and Myc factors has led to the
assumption that rhizobia adopted the evolutionary far more ancient (~ 450 million years)
CSSP to establish this endosymbiotic interaction with legumes [119]. Nod factors stimulate
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the curling of root hairs, and entrapped bacteria within these curls are transported within
infection threads, to the inner zone of developing root nodules. Inside of cortical cells, the
rhizobia divide and multiply, and are released into vesicles, called symbiosomes, in which
they differentiate to fully functional bacteroids. One or more differentiated bacteroids are
surrounded by the plant symbiosome membrane, that represents a barrier by which the host
plant can control the movement of solutes to the bacteroids through specialized transporters
or channels [120].
Bacteroids express the nitrogenase complex that consists of six protein subunits (two each
of NifH, NifD, and NifK) and two [4Fe–4S] and two (Fe8S7) iron–sulfur clusters and two
iron–molybdenum cofactors (Fe7MoS9N) called FeMoco, which catalyze the N2 reduction
to NH3 [121]. The nitrogenase metallo-centres are all oxygen-labile and must operate in an
environment with a low level of free oxygen, and nodules provide their bacterial symbionts
with this oxygen reduced environment for optimum N fixation [122]. N fixation by
bacteroids is a highly energy consuming process, and rapid respiration in the bacteroids is
necessary to produce the 16 ATP required for the conversion of each atmospheric N2 into
two NH3.
𝑁𝑁2 + 8 𝐻𝐻 + + 8𝑒𝑒 − + 16 𝐴𝐴𝐴𝐴𝐴𝐴 = 2 𝑁𝑁𝑁𝑁3 + 𝐻𝐻2 + 16 𝐴𝐴𝐴𝐴𝐴𝐴 + 16 𝑃𝑃𝑖𝑖

The product of biological N fixation (BNF) is ammonia, which diffuses out of the
bacteroids into the acidic symbiosome space and is here protonated to ammonium. The
symbiosome membrane is energized by an H+-ATPase, that pumps protons into the
symbiosome space and thereby promotes the uptake of NH3/NH4+ into the plant cytosol,
where NH4+ is rapidly assimilated into amino acids, and the ureides allantoin and allantoic
acid [122]. A candidate for the uptake of NH4+ from the symbiosome space is NOD26, that
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was first identified in soybeans [123]. NOD26 belongs to the major intrinsic
protein/aquaporin (MIP/AQP) channel family, and is exclusively localized in the
symbiosome membrane [120]. The ureides allantoin and allantoic acid serve as the
dominant long-distance transport of N from the root nodules to the shoots [124, 125].
Cortex cells and the vascular endodermis of nodules express GmUPS1—1 and GmUPS12, which play a role for the transport of allantoin and allantoic acid out of the root nodules
to the sink organs. RNAi knockouts of these proteins accumulate ureides in the root
nodules, and show a reduced N transport to the shoots [126].
BNF is an energy expensive process, which requires 16 ATP to fuel the reduction of one
N2. Plants allocate up to 30% of their photosynthetically fixed C to rhizobia [127], which
is oxidized in the bacteroids to ATP. The N2 fixation rate of rhizobia is higher when the
nodules receive more C, suggesting that the allocation of C to nodules is a limiting factor
for BNF. Transgenic Medicago sativa plants that over-express a sucrose phosphate
synthase, a key enzyme for sucrose biosynthesis in plants, show higher C contents in
nodules, more and larger nodules per plant and an enhanced nitrogenase activity of the root
nodules [128]. Free living rhizobia can grow on a variety of different sugars, including
mono- and disaccharides, but the absence of transporters for these sugars in bacteroids
suggests that rhizobia in symbiosis take up dicarboxylates, and here particularly malate
from the symbiosome space. The C4-dicarboxylate transport system that is localized in the
inner bacteroid membrane is encoded by the dctA gene, has a high mobility for malate, and
is essential for symbiotic nitrogen fixation [129]. Although the mechanisms of N fixation
and assimilation are well documented, key steps are still unknown. For example, little is
known about the C metabolism inside nodules, the regulatory steps that control the C export
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to rhizobia, and the proteins involved in the C and N transport between partners. Recent
evidence in the model legumes M. truncatula and Lotus japonicus suggest that sucrose
transporters from the Sugar Will Eventually be Exported Transporter (SWEET) family
could be involved in the sucrose efflux from the phloem towards nodulated cells [130].
2.4.1. Significance of rhizobia for soybean agriculture
According to estimates, soybeans with their rhizobia populations fix around 20 million tons
of N each year, and this has an enormous influence on agricultural productivity, not only
on soybeans, but also for other crops in crop rotation systems [57, 58]. Soybean residues
in the soil enrich the soil with N, improve soil organic matter and can lead to yield increases
in non-legume crops that follow soybeans. Crop rotations or intercropping systems of
cereals with legumes can result in higher crop yields without fertilizer additions [131].
However, conventional agricultural management practices and other anthropogenic factors
can have a negative impact on rhizobial function. In addition, excessive tillage, applications
of higher N fertilizer dosages, extended fallow periods can also have detrimental effects on
rhizobia populations in soils. As a consequence, integrating this symbiosis more efficiently
in modern agricultural practices is crucial to limit the amount of fertilizers used and to
make agriculture more environmentally sustainable. Exploring ecologically best fitted
ecoregions for soybeans and best adapted soybean cultivars will help farmers to produce
more yield with reduced inputs. Rhizobial strains differ in their efficacy in symbiosis with
different soybean cultivars, and the input of N into agricultural systems can be increased
by the inoculation of legumes with optimized rhizobia for different environments [118].
The development of better inoculation strategies, and specifically adapted rhizobia for
different soybean cultivars could reduce the dependency of farmers on agrochemicals and
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enhance food security [118]. Tripartite symbiosis with arbuscular mycorrhizal fungi and
rhizobia
In natural environments, legume roots form tripartite interactions, and are simultaneously
colonized by both AM fungi and rhizobia [60, 132]. Tripartite interactions have been shown
to improve plant productivity, seed yield, P and N acquisition, and photosynthetic rates [63,
133, 134]. The rhizobial nitrogenase complex requires at least 16 ATP to reduce one N2
molecule into two NH3. Consequently, nodules act as strong P sinks in legume root systems
to provide sufficient P resources to the bacteroids for optimum BNF [132, 135]. Since AM
fungi are able to improve the P nutrition of legume plants, AM fungi can increase the BNF
by root nodules by at least 50% [63]. Non-mycorrhizal soybean plants have lower nodule
numbers and weights, and particularly under low P supply lower N fixation rates [60, 136].
AM fungi can also provide their hosts with microelements that are essential for N2 fixation,
including zinc, iron, manganese and molybdenum [137, 138].
AM fungi and rhizobial bacteria can act synergistically and can improve plant productivity,
seed yield, and grain quality [60, 63, 134]. However, the prior inoculation by either rhizobia
or AM fungi can also reduce the subsequent colonization by the other symbiont [139].
Plants control the extent of root colonization by both symbionts by an autoregulatory
mechanism, possibly to limit the high C costs associated with these interactions [136, 140].
Whether AM fungi and rhizobia interact antagonistically or synergistally depends on the
environmental context [134], and the compatibility between symbiotic partners [63, 141].
For example, the rhizobial strain STM 7183 is more compatible with the AM fungus
Rhizophagus clarus, and leads to higher nodulation rates, nitrogenase activities, and plant
growth responses than STM 7282 [63]. Similarly, plant productivity and seed yields of
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nodulated soybeans were higher when the plants were co-inoculated with the AM fungus
Rhizophagus irregularis, than with Acaulospora tuberculata or Gigaspora gigantea [141].
Soybean cultivars also differ in their ability to benefit from their microbial communities
[142]. Consequently, the symbiotic efficiency should be integrated into soybean breeding
programs, and AM fungi and N-fixing bacteria with high compatibility should be identified
to improve the productivity and stress resistance of soybeans and other legumes.
Both interactions are costly, and the host plant allocates up to 20% of its photosynthetically
fixed C to its fungal [67, 143], and up to 30% to its N-fixing symbionts (Figure 2) [127].
C acts as an important trigger for symbiotic functioning, and a reduction in the C fluxes to
the symbionts decreases BNF by rhizobia [144], and P and N uptake and transport by AM
fungi [145-147]. Considering the high C costs of these symbioses for the host, plants are
under a selective pressure to strongly regulate the C fluxes to both root symbionts, but these
control mechanisms are currently poorly understood. Resource exchange between host and
AM fungi are controlled by a reciprocal reward mechanism that is driven by biological
market dynamics [148]. Our own results recently demonstrated that similar mechanisms
may also control the resource to C exchange in tripartite interactions, and that Medicago
plants allocate C to the different root symbionts in tripartite interactions in response to
nutrient demand conditions, and that the AM fungus becomes a stronger competitor for C
resources from the host, when the fungal partner has access to N [132].
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Figure 2.2. Transport and nutrient exchange pathways in the symbiosis with N-fixing bacteria (BAC) and AM fungi (IRM and
ERM). Abbreviations: BAC-N-fixing bacteroids; BM-bacteroid membrane; ERM-extraradicle mycelium; FA-fatty acid; FM-fungal
plasma membrane; IRM-intraradical mycelium; PM-periarbuscular membrane; SM-symbiosome membrane.

Transport and nutrient exchange pathways in the symbiosis with N-fixing bacteria (BAC)
and AM fungi (IRM and ERM). Abbreviations: BAC – N-fixing bacteroid; BM – bacteroid
membrane; ERM – extraradical mycelium; FA – fatty acids; FM – fungal plasma
membrane; IRM – intraradical mycelium; PM – periarbuscular membrane; SM –
symbiosome membrane.
AM fungi have stronger effects on plant gene expression than rhizobia [149], but our
current understanding of the molecular mechanisms involved in the C allocation to
individual root symbionts is limiting. An overexpression of a leaf sucrose phosphate
synthase of M. truncatula increases starch production, allowing the plant to allocate more
photosynthates to root nodules and consequently improved nitrogenase activity and overall
plant growth [128]. There is evidence that suggests that sucrose transporters (SUT) could
be involved in the regulation of beneficial C fluxes towards the fungal symbiont [150], and
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the expression of MtSUT2 and MtSUT4-1 has been shown to be positively correlated to the
C allocation to different symbiotic partners in tripartite interactions [132]. MtSWEET1b
and MtSWEET6 of the Sugars Will Eventually be Exported Transporter family (SWEET)
are highly expressed in AM roots, and preferentially transport hexoses such as glucose, and
could be involved in the transport of hexoses or fatty acids across the mycorrhizal interface
to the fungal partner [132, 151]. MtSWEET11 is specifically expressed in root nodules, and
could be involved in the sugar distribution within root nodules, but loss-of-function
mutants indicate that MtSWEET11 is not essential for BNF [152]. A better understanding
of these processes is critical, because it may be key to improve the resource exchange
between plants and symbionts, and ultimately to enhance productivity of agronomically
important legumes.
2.4.2. Symbiosis with endophytic bacteria or fungi
Endophytes are defined as organisms that live inside plant hosts for at least part of their
lives, without causing apparent disease symptoms in the host as a result of this colonization
[153]. Fungal and bacterial endophytes are nearly ubiquitous across all groups of vascular
plants [154], but there is a large biological diversity among endophytes, and it is not rare
for some plant species to host hundreds of different endophytic species [155]. Fungal
endophytes have been shown to enhance growth and seed production or protect against
environmental stresses such as drought or P deficiency or provide defense against
herbivory through the synthesis of various biologically active metabolites, such as
alkaloids. In soybeans diverse communities of fungal endophytes can be found, and several
of these endophytes have plant growth promoting capabilities, and enhance for example
soybean growth in nickel or copper contaminated soils by reducing the levels of stress-
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related phytohormones such as abscisic acid and jasmonic acid [156], and increase
glutathione activities and thereby reduce oxidative stress [157]. The inoculation of soybean
plants with fungal endophytes can also lead to higher shoot biomasses, chlorophyll
contents, and photosynthetic rates compared to non-inoculated soybeans under salt stress
and decrease the abundances of SCN in soils [158].
Soybeans host also a diverse group of bacterial endophytes, and many endophytic bacteria
have plant growth promoting capabilities [159], such as the ability to produce plant growth
hormones, or ACC (1-aminocyclopropane-1-carboxylate) deaminase, to solubilize
phosphate, or to release antimicrobial metabolites or siderophores that can inhibit the
growth of pathogenic microorganisms. ACC deaminase reduces the levels of ethylene, an
important stress hormone in plants. Several endophytic bacteria are also diazotrophs, and
have like rhizobia bacteria the ability to fix N. Bacterial endophytes also interact with
rhizobia bacteria, and can enhance root nodulation, and activity, and as a consequence the
N content of soybean plants [160]. The dual inoculation with rhizobia and a salt tolerant
bacterial endophyte led to synergistic responses and promoted the fitness of soybean plants
under salt stress [161].
3. Important research gaps and future challenges
Beneficial plant microbe interactions with AM fungi, rhizobia, or bacterial and fungal
endophytes have enormous potential to improve plant growth and nutrient uptake in
stressful environments and to increase the environmental sustainability of soybean
agriculture. However, while the beneficial effects of AM fungi and rhizobia on soybean
productivity are long known, the effect of only a small number of endophytes is currently
known. The plant microbiome is a still unexplored resource of microorganisms with a so
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far hidden potential to promote plant growth, and success under abiotic or biotic stress
conditions, and with unknown effects on the plant phenotype.
The obligate lifestyle of AM fungi, has made for a long time the production of fungal
inoculum in large quantities difficult, but the development of sterile transgenic root organ
cultures has led to an increased commercialization of AM fungal inocula for the utilization
in agroecosystems [162]. Although increases in yield and biomass have been reported in
different crops after inoculation with these inocula [89, 163], in other studies inconsistent
or neutral effects were observed [164]. AM fungi differ in the benefit that they provide for
their host plant [165], and mycorrhizal growth responses are highly context-dependent.
Several factors can alter the success of AM fungal inoculation in agroecosystems, including
plant/fungal compatibility, degree of competition with the native microbial population, or
timing of inoculation [166]. All these aspects need to be taken into consideration to find
the most adapted and specific conditions for an efficient use of AM fungal inocula in a
given field, or for a certain crop. Our current understanding of the effect of beneficial plant
microbes on soybeans is mainly based on studies with single symbionts, but plant
productivity and stress resistance in agroecosystems depends on diverse microbial
communities, and the interactions among the different microorganisms in these
communities.
Identifying and characterizing the molecular mechanisms responsible for the functioning
of different plant microbe interactions is crucial to harness these symbiotic microorganisms
in agroecosystems. Currently, most knowledge is gathered on model legumes, such as
Medicago truncatula, but the information about soybeans is limited. However, the
accumulation of genomic and transcriptomic data , along with the development of
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molecular tools such as stable transformations [e.g. 167], CRISPR-Cas9 system [168], or
mutant populations will provide us with a better understanding of these interactions in
soybeans.
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Abstract
Bacterial endophytes were isolated from the oil seed crop Brassica carinata onto
nitrogen free media. Brassica carinata is host to many bacterial endophytes with plant
growth promoting characteristics that can protect the plant in conditions that are stressful
for the host plants. The endophytes were characterized for biotic and biotic stress
mitigation and identified through 16S sequencing. Abiotic and biotic stresses include the
production of indole-3-acetic acid, solubilization of calcium phosphate, 1-amino-1cyclopropane (ACC) deaminase gene identification through genome PCR amplification,
and the ability to suppress common fungal pathogens of wheat and corn. It was found that
9 endophytes possessed the ability to produce indole-3-acetic acid, 3 endophytes
(Pantoea agglomerans BC09, Bacillus subtilis BC10, and Pantoea sp. BC12) were able
to solubilize calcium phosphate, 7 endophytes had shown amplification of genomic DNA
using primer specific for 1-aminocyclopropane-1-carboxylate, and that the fungal
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pathogens Fusarium proliferatum and F. graminearum were more easily suppressed by
the collection of endophyte than was F. oxysporum and F. acuminatum when challenged
in petri dish assays.

Introduction
Brassica carinata also known as Ethiopian mustard seed is primarily grown in the
Great Plains of the United States and in Canada. However, carinata is also grown in its
native Ethiopia, where its green leaves are farmed for sustenance and its seeds for oil (1).
It is a feedstock for biofuel industries and is used in the production of both ethanol and
biodiesel (2). Other qualities that make carinata to a viable bioenergy and economically
important crop are its ability to be planted in heavy metal polluted fields and that the seed
meal, left over from processing, can be fed to livestock and cattle (3, 4). While carinata is
very tolerant to warmer, arid climates, it is also being considered as a potential winter
crop that could be planted in subtropical areas, such as in Florida in the United States (5).
Carinata, could in theory, be cultivated year-round for an increased supply of feedstock
for biofuels adding to the consideration of this crop as a viable and long-term bio-fuel
source.
Interactions between plants and microbes is extremely complex and small changes
can cause unintended shifts to the plant system. These interactions can benefit both
parties and resulting in strong plant-bacterial bonds which may be passed down to
progeny. Brassica carinata and other Brassica species are not colonized by mycorrhizal
fungi and do not form root nodules, that in many other plant species improve the nutrient
acquisition from soils (4). It has been hypothesized that carinata instead relies on other
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organisms from its own microbiome for nutritional needs. The endophytic community in
plants is formed from environmental, host and even its own input from bacterial
community members (6). It’s these bacterial endophytes that can help plants to grow and
thrive in their environment (7).
The bacterial endophytes can aid in plant growth through several mechanisms
such as limiting abiotic stresses (fixing atmospheric nitrogen to forms that are usable for
plants and solubilization of soil bound phosphates for plant uptake), biotic stresses within
plants or within the soil (caused by fungal pathogens, bacterial pathogens, and
nematodes), production of phytohormones (auxins, cytokinins and jasmonates), and
modulating plant ethylene levels (ACC deaminase cleaving 1-aminocyclopropane-1carboxylate to ammonia and α-ketobutyate) (8, 9). Plant growth-promoting bacteria
(PGPB) are those that possess at least one of these growth-promoting characteristics and
otherwise do not cause harm to the host plant. Biological nitrogen fixation and the
production of phosphatases and organic acids have the potential to decrease the amount
of nitrogen and phosphates applied to crops, which in turn can down on ecosystem
pollution and nutrient runoff (10). Suppression of pathogens is critical for crops such as
small grains like wheat where pathogens like Puccinia graminis cause up to 70% losses
and Fusarium sp. produce mycotoxins which additionally can reduce grain and forage
quality (11, 12). Augmenting the plant production of phytohormones, bacterial
endophytes can produce auxins to that signal cellular elongation and division which has
shown to significantly increase shoot and root growth, and increase trends in root hair
counts in rice (13). ACC deaminase is able to break down the precursor to ethylene (plant
stress hormone) and the expression of the acdS can promote nodulation and growth in
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beans, decrease impacts of salinity stress on tomatoes and wheat, and heavy metal stress
in Brassica napus (14-17).
In this study, endophytic bacteria were isolated from Brassica carinata and
screened for their plant growth promoting capabilities, such as mobilizing and
transferring nutrients, producing plant growth hormones, and suppressing pathogen
growth. To our knowledge, this is the first study where bacterial endophytes were
isolated and characterized from Brassica carinata.
Results
Isolation and Identification of Endophytes
All isolates were obtained on nitrogen free agar as a primary screening step to
select for bacteria that can fix gaseous nitrogen through biological nitrogen fixation. The
capability of the bacteria for biological nitrogen fixation was confirmed on nitrogen free
agar, and all bacteria were able to change the color of the medium from green to blue
due to the production of ammonia, and raised the pH of the Agar from slightly acidic (pH
= 6.8) to a more basic pH. Most of the isolated endophytes were isolated from shoot (9
isolates) and head tissues (7 isolates), while from leaves (2 isolates), flowers (1 isolate),
and rhizosphere (1 isolate) lower numbers of endophytes were isolated. Identification by
16S rRNA gene sequencing revealed that 11 isolates were from the genus Bacillus (B.
pumilis BC01, B. paralicheniformis BC02, B. pumilis BC07, B. pumilis BC08, B. subtilis
BC10, B. pumilis BC13, B. cereus BC14, B. thuringiensis BC15, B. safensis BC16, B.
safensis BC18, and B. sp. BC20), 4 from the genus Enterobacter (BC03, BC04, BC05,
and BC06) and 3 were from the genus Pantoea (P. agglomerans BC09, P. agglomerans
BC11, and P. sp. BC12). The genera Lysinibacillus (L. sp. BC17) and Xanthomonas (X.
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sacchari BC19) had 1 isolate each out of the 20 identified (Error! Reference source not
found.).

Phosphate Solubilization
All 20 isolates were screened for their ability to solubilize phosphate by plating
them on Pikoviskaya’s agar. Three of the bacteria, BC09, BC10, and BC12, created halos
around bacterial colonies, indicating the ability for them to solubilize the calcium
phosphate in Pikovskaya’s media.
Indole-3-Acetic Acid (IAA) Production
IAA production was assessed at d 4 and the results are shown in Figure 3.1. All
isolates were initially tested for their ability to produce IAA after 4 d and 9 of the 20
endophytes were able to produce some level of the plant growth hormone. Of the isolates
that were able to produce IAA were used for further studies and the IAA production was
standardized to an OD600 of 1.000 to allow the comparisons among the different isolates.
From all tested isolates isolate BC09 had the largest production of IAA, producing 30.2
ng/µl, followed by BC12 producing 21.76 ng/µl, BC16 producing 21.55 ng/µl, and
BC11 producing 20.24 ng/µl (Error! Reference source not found.). BC05 produced the
lowest concentration of IAA with 7.87 ng/µl, while BC03, BC06, BC17 and BC18
produced 14.3 ng/µl, 11.82 ng/µl, 11.12 ng/µl, and 16.76 ng/µl, respectively.
ACC deaminase
Genomic DNA was subjected to PCR with ACC deaminase primer sets. Of the 20
B. carinata isolates, seven had shown some level of amplification with these primers. The
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seven bacterial endophytes that had amplification using the ACC deaminase primers were
BC02, BC05, BC07, BC10, BC12, BC13, and BC16 (Error! Reference source not
found.).
Fungal Suppression
All B. carinata isolates were tested against fungal isolates from the fungal plant
pathogens Fusarium proliferatum, F. oxysporum, F. graminearum, and F. acuminatum in
a plate assay. In the event of suppression, the fungal growth between the 2 streaked lines
of the isolate would be oblong rather than circular. All isolates with the exception of
BC07, BC16, and BC17 (due to ambiguity) were able to suppress F. proliferatum
(Error! Reference source not found.). BC01 – BC04, BC06 – BC10, BC14 and BC15,
and BC18 had shown the ability to suppress the growth of F. graminearum, while F.
oxysporum and F. acuminatum had been inhibited by very few of the isolates (Table 0.).
The only suppression of F. oxysporum was from the challenge with BC14, and BC08,
BC18, and BC20 were the endophytes that were able to suppress F. acuminatum.
Discussion
In this study we studied 20 bacterial endophytes isolated from surface sterilized
Brassica carinata tissues for their plant growth-promoting characteristics. These plant
growth-promoting characteristics included the ability to grow on nitrogen free media,
solubilize calcium phosphate, produce the auxin indole-3-acetic acid, the presence of 1amino-1-cyclopropane carboxylase deaminase gene in the genomic DNA, and the ability
to suppress the growth of 4 fungal pathogens: Fusarium proliferatum, Fusarium
oxysporum, Fusarium graminearum, and Fusarium acuminatum. The presented results
indicate that several of the bacterial endophytes have the potential to assist plants under

81
various stress conditions, specifically nitrogen stress and in competition with the
pathogens F. proliferatum and F. graminearum.

Potential to Alleviate Nutrient Deficiency
All of the endophytes isolated from Brassica carinata tissues were extracted after
surface sterilization onto nitrogen free media (Nitrogen Free bromothymol), forcing the
bacterial endophytes to acquire nitrogen from other sources such as gaseous nitrogen
(18). When the bacteria grow on the nitrogen free bromothymol plates, the media color
turns from green color to blue, which indicates an increase in pH from 6.8 to more basic
pH. . Growth on the nitrogen free media isn’t completely indicative of the bacterial
endophytes’ ability to fix atmospheric nitrogen; endophytes could be utilizing helper
bacteria or other metabolic pathways to grow on nitrogen free media. Bacterial isolates
that do fix atmospheric nitrogen can have that ability quantified using the acetylene
reduction assay (19-21). The colony size on the NFb plates were extremely small (less
than 0.5 mm) after allowing the colonies to grow for a week which could indicate that the
bacterial cultures are under nutrient stress.
The ability to solubilize calcium phosphate on Pikovskaya’s agar is shown by a
clearing zone within the agar around the bacterial colonies. Often, the growth of the
bacterial colonies on the Pikovskayas agar is slowed because of the general screening
purpose of this media and not all nutrients will be availbe to a wide assortment of bacteria
and the bacteria is putting energy into solubilizing phosphate in the media for use.
Solubilization of phosphate on plates could indicate the bacterial endophytes’ ability to
solubilize calcium phosphate in the rhizosphere that can be used by the host plant. The
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only isolates from Brassica that were able to solubilize phosphate were of the Pantoea
genus. Pantoea, among other genera, have been found to be the primary contributor to
phosphate mobilization in soils and has also been proposed as a bio-fertilizer that could
be applied to crops, such as soybean (22, 23).

Bacterial Endophyte Identification
Bacterial identification through 16S rRNA gene sequencing revealed a large
number of the bacterial endophytes were from the genus Bacillus. Bacillus species have
been isolated from a variety of crops, such as apples and maize (24, 25). Species of
Bacillus have also been isolated from members of the Brassica genus, and in B. juncea
(mustard) and B. napus (canola) they made up the primarily the cultureable isolates that
also promoted the growth of Brassica in in-vitro and in greenhouse studies (24, 26, 27).
Bacillus species are also dominant endophyte species such as Camellia sinensis (tea) or
of a closely related genus such as Paenibacillus and Lysinibacillus (28). We also
considered the microbial community similar in Brassica species, Brassica napus (canola),
and found that one of the most abundant genera was Bacillus, to look for potential targets
to compare to when studying isolates from B. carinata. This genus is also present in high
numbers in the seeds of B. napus and then colonizes the plant as it grows and is then
passed on to its progeny (29). Bacillus has also been extensively studied and research has
shown the potential for Bacillus species to increase plant growth, for example in corn,
and has also been shown to be useful as a bio-control agent (30, 31).

Indole-3-Acetic Acid Production
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Indole-3-acetic acid (IAA) is a plant auxin that signals plant cells to elongate and
divide. Nine of the bacterial endophytes (BC03, 05, 06, 09, 10, 11, 12, 15, and 18)
showed the ability to produce this auxin in an environment with tryptophan. The
production of IAA by bacterial endophytes is measured in-vitro by a colorimetric assay,
where after growing in spike LB solution with tryptophan, Salkowski’s reagent is added a
pink color change is then observed if IAA has been produced and be calculated
colorimetrically. Three of the isolated genera: Bacillus, Pantoea, Enterobacter and
Lysinibacillus all produced IAA in varying amounts but the Pantoea isolates showed the
highest biosynthesis of IAA. Lysinibacillus only produced 11.1 ng/µL IAA over a 4 day
period and was also found to be a IAA producer when it was isolated from corn tissue
(32). However, this strain was isolated from the carinata rhizosphere and not from the
carinata tissue, which could potentially explain the lower biosynthesis of IAA. For
bacteria to have optimal IAA production, it should form a symbiosis with a plant or
within plant tissue. This would be more advantageous to the bacteria because the plant
could offload carbon and other nutrients to the bacteria as well as offer itself as a habitat.
This would also aid in confirming that these bacteria are using a tryptophan dependent
pathway, since tryptophan is usually plant exuded or supplied (33). The other bacterial
isolates that tested positive for IAA production were from carinata tissue and showed
higher values of IAA production over a 4-day period.
Fungal Suppression
Fungal pathogen suppression or biocontrol is usually performed by artificial
agents such as pesticides, fungicides, and herbicides. Fungal pathogens sourced from the
surrounding area and from soybean and Ethiopian mustard crops was tested against
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bacterial isolates. Isolates and fungal pathogens were plated on PDA plates and observed
after incubation if there was any pathogen suppression that would be indicative of fungal
isolate growing away from the bacterial isolate or stunted growth when compared to a
control plate with no bacteria added. Almost all isolates had some form of suppression
ability of Fusarium proliferatum, except for BC07 and BC16. Fusarium graminearum,
also known Gibberella zea, was suppressed by 12 of the 20 isolates (BC01-04, BC06-10,
BC14 and BC15 and BC18). When looking at the suppression of Fusarium oxysporum,
only one isolate, BC14 had the ability to suppress this fungus. This fungus is known to
infect a wide variety of plant crops when looking at just the species level of the fungus. It
can cause severe damage in loss in vegetable and field crops as well as flowering crops.
What makes this pathogen dangerous is that there is very few, if any fungicides that can
control it and only resistant varieties of plants can overcome infection and help to control
it (34). This could be why only a select few endophytes can suppress its growth. A
similar theme can be seen when isolates are paired against Fusarium acuminatum, only
BC08, BC18 and BC20 suppressed growth. F. acuminatum is known for its ability to
cause indistinguishable disease symptoms and that it also creates a disease complex with
other species of Fusarium (35). The pathogenicity of these two fungal species could and
their ability to co-exist in disease complexes with other similar species could be one
reason why they seem to not allow other beneficial microbes to inhabit the same
environment.
ACC deaminase Screening and Quantification
The ability for bacterial strains to aid in stress relief of plants can be seen in a
variety of abilities including the production of ACC deaminase. This enzyme
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cannibalizes ACC, the precursor to ethylene, which is known to halt root and shoot
growth in plants that are under stressful conditions. This in-turn allows the growth of
roots and shoots to continue. Endophytes were first screen for the ACC deaminase gene,
acdS (36). Of the 20 endophytes seven (BC02, BC05, BC07, BC10, BC12, BC13 and
BC16) had a putative gene that resembled acdS when screening with PCR. After PCR,
isolates were grown in media that contained only ACC has the carbon source and were
then processed to look for α-ketobutyrate after breaking down ACC (37). When testing
the resulting solution colorimetrically, there was no detectable α-ketobutyrate present.
This could be because the expression levels of the acdS gene are low or not actively
being produced. It could also be that the in-vitro conditions were not suitable for the
production of ACC deaminase and expression was lowered. Future work should include
looking at gene expression of the acdS gene and possible alternative routes for
quantifying the amount of α-ketobutyrate produced.

Materials and Methods
Isolation of Nitrogen Fixing Endophytes from Brassica carinata
Brassica carinata tissues were surface sterilized as follows: 1 min in 70%
ethanol, 30s in sterile water, 5 min in 5% bleach, 1 min in 70% ethanol, followed by 4
successive 30s washes in sterile water. Semi-solid Nitrogen Free bromothymol (NFb),
described in Kirchhof et al (1997) was used as a selection media, with 5 replicates per
plant tissue (leaf, shoot, flower, head) (18). After pellicle formation, the bacteria were
streaked on NFb plates with the same components as the NFb described above but using
15gL-1 agar and incubated at 30°C. Streaking for isolation was performed until single
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colonies were formed and were plated in pure culture. Pure cultures were used to create
cryogenic stock cultures and stored at -80°C.
Identification based on 16S rRNA gene
Isolates were grown in nutrient broth for 24h. The bacterial suspension was
combined with 35% glycerol solution 1:1 in a volume of 200 µL. Suspensions were sent
to GENEWIZ for sequencing with the primers 27F, 1492R, and a proprietary 16S rRNA
gene primer. The resulting sequences were analyzed with BLAST [Basic Local
Alignment Search Tool] to determine the genus of all isolates (38).
Phosphate Solubilization
The ability to solubilize phosphate was first determined by the ability to produce
halos on Pikovskaya’s agar (39). Pseudomonas aeruginosa ATCC 27853 was obtained
from the American Type Culture Collection as positive control (Himedia’s Technical
Data Sheet) on Pikovskaya’s agar. Bacteria were poked into the media, 5 replications per
plate, and allowed to grow for 7 d. Following growth, the halo zones were assessed;
bacteria that produced halos were given a plus (+) while those that weren’t able to
produce halos were given a (-).
Indole-3-acetic Acid Production (IAA)
IAA production was screened with a method by Ahmad et al. (40) by growing
bacteria in LB broth with 500 µg/mL of L-tryptophan sterilized with a 0.22 µm filter. The
cultures were harvested by centrifugation (10,000 x g for 5 min) and 2 mL of the
supernatant was combined with 4 mL of Fe-HClO (1:2 ratio) for 25 min and the
absorbance was measured at 530 nm (41). All isolates yielding an A530 greater than the
control was subjected to a further quantitative analysis. The isolates were grown in LB
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for 24 h at 30°C and 200 rpm. Following, the isolates were washed with phosphate
buffered saline (source) and normalized to an OD of 0.1 at 600 nm by diluting with
phosphate buffered saline. LB with 500µg/mL of L-tryptophan (5ml) was supplemented
with 100 µL of the bacterial dilution and incubated for 4 d at 30°C and 200 rpm. Each
assay was performed 3 times. The IAA production was assessed as described above.

1-Aminocyclopropane-1-Carboxylate Deaminase PCR Amplification
Isolate genomic DNA were subjected to PCR using 1-aminocyclopropane-1carboxylate deaminase (acdS) primers: reverse 5’- TTD CCH KYR TAN ACB GGR TC
-3’; forward 5’- GGB GGV AAY AAR MYV MGS AAG CTY GA -3’. PCR reactions
were performed in 50 µL reactions that contained 20 ng genomic DNA, 2 µM of each
primer, 5x Green GoTaq, and nuclease free water. PCR cycles were conducted as
described in Nikolic et al. (42).
Fungal Suppression
Fungal isolates that were used to test the capability for B. carinata isolates to
suppress fungal growth were Fusarium proliferatum, F. oxysporum, F. graminearum, and
F. acuminatum. Suppression ability was determined using an agar plate assay described
by Ji et al. with some modifications: the mycelia plug was placed in the center of the
PDA plate and the bacteria were streaked 2 cm on either side (43). Antagonistic effects
were determined by inhibition zones between the fungal and bacterial isolates. Isolates
were scored based on whether fungal growth was inhibited (+) or not inhibited (-). An
endophytes ability to cause the fungal colony to grow in an oval rather than circle as the
control was considered positive.
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Table1.1 The list of Brassica carinata isolates with their respective genus from 16S rRNA sequencing and the ability of the isolates to suppress
the growth of pathogenic fungi (F. p.: Fusarium proliferatum, F. o.: Fusarium oxysporum, F. g.: Fusarium graminearum, and F. a.: Fusarium
acuminatum. The mount of phosphate solubilized from calcium phosphate as insoluble-phosphate source after 7 days of incubation indicated by
+/-, as well as the amount of IAA produced after 4 days, and the ability of the isolate to breakdown, ACC to α-ketobutyate. Also, the plant tissue
from which the endophyte was isolated from.
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Figure 3.1. IAA production after 4 days of incubation. IAA standardized to the optical density of the bacteria at
600nm of 1.000. Error bars are the standard error of the mean.
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Figure 3.2 Gel for the PCR amplification of the ACC deaminase gene within the genomic DNA of 7 bacterial endophytes
isolated form Brassica carinata.
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Abstract:

Endophytic bacteria that were isolated from Brassica carinata demonstrated in in vitro
assays different plant growth promoting characteristics and for example grew on nitrogen
free medium, produced indole-3-acetic acid, solubilized calcium-phosphate, and
suppressed the growth of different fungal pathogens. To determine the practical
application of these bacterial endophytes and their plant growth promoting capabilities, in
planta assays were conducted to assess the impacts on seedling root development,
greenhouse biomass, and yield, test weight, and protein content under field conditions. In
short term root architecture experiments bacterial endophyte Bacillus paralicheniformis
BC02 has shown to significantly increase seedling root mass by up to 42.7%, root length
by 57.9%, root surface area by 41.6%, and root volume by 26.2% in the winter wheat
variety Redfield with other endophyte isolates having varying levels of positive and
negative impacts. Differences also presented between spring wheat genotypes Boost,
Prevail, and Surpass, with inoculations of Surpass eliciting a more significant negative
response. Spring wheat grown under low and high nitrogen greenhouse conditions
furthered distinctions between genotypes, with endophytes often performing differently
under different nutrient conditions. Prevail had shown the most positive benefit from the
different endophyte applications under low and high nitrogen conditions, and Boost
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benefitted more under high nitrogen conditions than low. The largest increase was in
Boost roots under low nitrogen conditions with BC16 application (102.4%) while Prevail
had a non-significant increase in root mass from BC11 (one extremely high performing
plant). Redfield winter wheat grown under field conditions with natural nitrogen levels
did not respond in a significant way to the B. carinata endophyte applications. This study
outlines the potential in bacterial endophytes isolated from Brassica carinata in
increasing wheat yields while decreasing the application of nitrogen.
Introduction:
Wheat is one of the most cultivated crops in the world, and is the third largest row
crop in the U.S. by land usage and yield behind corn and soybean (1). In 2019, wheat was
produced on 47.8 million acres and generated roughly 1.9 billion bushels of grain at an
average of 51.7 bushels per acre (1). To achieve these yields in wheat, 2.5 pounds of
nitrogen per bushel must be applied, i.e. 50 bu/ac yield goal would require 125 lb N/ac
(2). Nitrogen fertilization is responsible for 75% of the carbon foot print in farming (3).
To offset these high fertilizer needs and the environmental impacts that are associated
with nitrogen fertilizers, endophytic bacteria have the potential to decrease the amount of
applied nitrogen needed (4).
Fungal or bacterial endophytes are organisms that grow within plant tissues (not
on the surface) and do not cause harm to the plant. Many bacterial endophytes possess
plant growth promoting capabilities and are part of a group referred to as plant growth
promoting bacteria, or PGPB Since bacterial endophytes are located within plants, they
need ways to get inside of those plant tissues. It is hypothesized that endophytes are
selected for their ability to benefit their hosts, with the passage of endophytes from parent
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plant to seedling being referred to as vertical transmission (5). However, endophytes can
enter plants also from the environment e.g. from the rhizosphere, and this transmission is
referred to as horizontal transmission (6, 7). This horizontal endophyte transfer can be
used to inoculate plants with target endophytes.
The capabilities that bacterial endophyte may possess can range from alleviation
of abiotic stresses, like nitrogen fixation in the scope of nitrogen deficient soils, to biotic
stresses like nematode and pathogenic fungi infections (6, 8, 9). Here, we tested bacterial
endophytes isolated from Brassica carinata for their impact on seedling root architecture
and ability to decrease nitrogen stress in wheat under greenhouse and field conditions
(10).
Results:
Sequencing of 16S rRNA gene previously revealed that 11 isolates were from the
genus Bacillus (B. pumilis BC01, B. paralicheniformis BC02, B. pumilis BC07, B.
pumilis BC08, B. subtilis BC10, B. pumilis BC13, B. cereus BC14, B. thuringiensis
BC15, B. safensis BC16, B. safensis BC18, and B. sp. BC20), 4 from the genus
Enterobacter (BC03, BC04, BC05, and BC06) and 3 were from the genus Pantoea (P.
agglomerans BC09, P. agglomerans BC11, and P. sp. BC12). The genera Lysinibacillus
(L. sp. BC17) and Xanthomonas (X. sacchari BC19) had 1 isolate each out of the 20
identified [215].
Root Architecture
The application of the Brassica isolates to Boost seeds often led to large and
significant responses (Error! Reference source not found.). For example the application
of BC01, BC11, BC12, BC14, BC15, and BC16 resulted in significant increases in
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seedling mass, root length, surface area, and volume. The application of BC17 caused a
decrease in seedling mass, root length, surface area, and volume compared to the nontreatment control. BC09, BC17, and BC20 led to a significant decrease in root volume.
The response of the wheat genotype Prevail was similar to that of Boost, but more
of the endophytes led to growth depressions. BC05 inoculated plants significantly
increased root length and surface area, while root volume trended positively but not
significant due to the spread of the root volume data. Mass and root characteristics were
all negative for BC02, BC03, BC04, BC07, BC08, BC10, BC11, BC13, BC14, BC18,
and BC19, while only BC05 and B12 increased all four metrics compared to the control.
The spring wheat variety Surpass also showed an overall negative impact from the
application of endophytic bacteria to the seeds; BC19 and BC03 were the only 2 isolates
that increased the seedling mass, and root length, surface area, and volume compared to
the control, while BC01, BC02, BC11, BC12, BC13, BC14, BC15, and BC16 led to
negative responses. Isolate BC10, BC19, and BC20 were the only isolates that increased
the seedling mass significantly to the control.
Winter wheat variety Redfield had a greater response than Surpass but was overall
not as responsive as Boost and Prevail. The greatest change compared to the control came
from the application of BC02 where root length increased 58% while the greatest
negative change was from the application of BC12 causing a 27% decrease in root
volume. Brassica carinata isolates BC01, BC02, BC03, BC05, BC06, BC11, BC12,
BC13, BC14, and BC15 all significantly increased the root length of Redfield.
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Greenhouse Trials
The B. carinata endophyte application to spring wheat variety Boost decreased
shoot biomass under both high and low nitrogen fertilization in contrast to the benefits
seen by endophyte applications in short root architecture trials. Isolate BC01 and BC19
led to significant decreases in shoot biomass under low nitrogen conditions compared to
the control while BC20 was the only isolate that was able to significantly increase the
shoot biomass under high nitrogen conditions. Boost had a significant increase in root
biomass under high nitrogen conditions from the inoculation of BC15, and a significant
increase in root biomass under low nitrogen conditions from the inoculation BC11 and
BC16. Only under low nitrogen conditions were statistically significant decreases in root
biomass observed. These significant decreases were caused by isolates BC02, BC07,
BC10, BC13, BC15, BC20.
Prevails shoot response was largely a positive trend, with a greater number of
significant increases being among the high nitrogen applications Isolates BC03, BC04,
BC13, BC14, BC18, and BC19 increased Prevail’s shoot mass under the high nitrogen
conditions, while BC06, BC09, and BC11 significantly increased shoot biomass under
low nitrogen conditions. Prevail’s root biomass contained more variation within
treatments but were still largely positive trending in growth compared to the control, with
only BC05 having significantly decreased the root biomass under low nitrogen
conditions. BC01, BC02, BC10, BC18 and BC19 significantly increased the root biomass
under high nitrogen conditions. Isolate BC19 was also able to increase the root biomass
under low nitrogen conditions. Isolate BC11 shows a surprisingly high percent change in
root biomass to the control under low nitrogen conditions, but not significant. This is due
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to a single replicate having a biomass 6x higher than the next greatest biomass, so the
data is highly skewed and percent change is calculated using the samples’ mean.
The shoot biomass response for spring wheat Surpass was similar to that of Boost,
with many having a percent change between -20% and 20%. Isolates BC01 and BC08
were able to significantly increase the shoot biomass when plants were grown under high
nitrogen conditions. None of the isolates were able to significantly increase Surpass’s
shoot mass under low nitrogen conditions, with BC09 and BC11 significantly decreasing
the shoot biomass under low nitrogen conditions. Isolate applications under high nitrogen
conditions did not show any significant decreases in biomass. Isolate BC01 was also able
to increase root biomass compared to the control under high nitrogen conditions, along
with BC02, BC08 and BC19. Isolates BC08, BC13, BC19, and BC20 had shown
significant increases in root biomass, with BC09, BC11, and BC12 significantly
decreasing root biomass under the low nitrogen. The isolates BC05, BC06, BC09, BC12,
BC16, and BC17 caused significant decreases in root biomass under high nitrogen
conditions.

Field Trial
Metrics measured for Redfield under field conditions was yield (corrected to a
moisture level of 13%), test weight, and protein content (corrected to a moisture level of
13%. The non-treatment control achieved an average yield of 64 bushels/acre. None of
the bacterial endophytes created a difference in the yields from the control, but BC09 had
the highest average yield with 65.4 bu/ac and BC02 had the lowest yield of 60.4 bu/ac.
Test weight across all treatments was very consistent ranging from 60.1 lbs/bu and 61.5
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lbs/bu. All isolates were statistically similar in test weight with only statistical differences
between BC12 and BC13 and BC15. The protein content was also consistent across all
isolates, maintaining between 13.3% and 13.5%. All treatments were statistically similar.

Discussion:
Bacterial endophytes from Brassica carinata have numerous growth-promoting
capabilities when applied to wheat. When comparing in vitro results to in planta results,
as in the root architecture after endophyte application, it can be seen that certain
endophytes that produce indole-3-acetic acid,1-amino-cyclopropane carboxylic acid and
phosphate solubilization capabilities do have an ability to increase plant growth in root
and shoot growth.
Genotypic differences can be observed when applying different endophytes to
different host plants. This in turn can lead to host specificity depending on the species of
plant and the microbe in question (11). When strictly looking at the different wheat
genotypes, Boost, had a more overall positive trend with interactions between isolates.
Six strains (BC01, BC11, BC12, BC14, BC15, and BC16) were found to have positive
growth in the four metrics observed (root weight, length, surface area, and volume).
When comparing to the other wheat genotypes, growth promotion did not always shift to
other genotypes when the same endophytes where applied. In Prevail, only BC05, BC06,
BC15 and BC16, in Surpass, only BC03 and BC19 and in Redfield only BC02, had
shown any significant increase in root architecture increase. This shows that even when
endophytes are applied to the same genus of a specific hostplant, specie or genotype
variation can lead to detrimental response and underperforming strains. Plant defense

106
systems and tissue specificity can also compound the difficulty of endophyte
establishment and growth promotion in non-native host plants (12). It should also be
thought of that certain strains of endophytes could have coevolved with a plant over time
(13) and have developed a rapport with their plant-hosts that lead to non-discriminatory
actions against a non-host plant.
However, some strains did not show any indications of growth promotion and some
have even shown to reduce plant growth. This seems to reaffirm work done by (14, 15). It
is not clear what inhibitory effects could be the cause of the of detrimental impacts on
certain plant species.
However, one idea could be postulated that the microbe-host relationship and plantendophyte specificity could cause endophytes turn pathogenic (16). It should be noted
that even if strains do have growth promoting capabilities, this does not always translate
into growth promotion that can be visually seen. Plant robustness and root architecture
also play a role in plant fitness, which could translate into a plant possibly not having a
larger increase in biomass but being able to withstand more environmental stressors.
Greenhouse trials also indicate that certain strains of endophytes do deliver
growth promoting attributes and have shown that biomass increase can be observed.
Being in an environment that allows plants additional room to grow can aid in the growth
promotion characteristics seen in the in vitro testing. However, this can cause variability
in that this system is not a closed or axenic system and additional input from outside
sources can now be seen. Plant genotype again seems to play a role here as well,
however, different parts of the plant now play also respond differently when interacting
with the newly applied endophytes. Boost showed very little significant plant growth
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promotion when considering just the shoot portion, where only BC20 showed a
significant response under high nitrogen nutrient application. Only two endophytes,
BC11 and BC16 showed any significant response under low nitrogen, where other
endophytes showed a negative effect. Prevail had only three isolates BC03, BC04, BC13,
BC14, BC18, and BC19) show shoot growth under low nitrogen conditions whereas
under high nitrogen applications isolates BC01, BC02, BC10, BC18 and BC19 had
shown to significantly increase shoot growth. This increase in growth under high nitrogen
conditions could indicate that the isolates are dependent on extra nitrogen applied to
better augment plant growth. This could also be due to the coevolution of this organisms
grow in soil with a high nutrient availability (17, 18). Prevail root biomass only showed
significant growth promotion when isolates: BC01, BC02, BC10, BC18 and BC19 were
applied under high nitrogen nutrition. This again reaffirms that these endophytes may
very well be dependent on higher N availability. The genotype Surpass, showed little to
no significant shoot growth promotion under low N conditions, however, isolates BC01
and BC08 were able to increase shoot growth under high N. Surpass root showed
increase in biomass after application of isolates: BC08, BC13, BC19 and BC 20 under
low N while under high N, isolates: BC01, BC02, BC08, and BC18 aided in root growth
promotion. All of these inputs can make trying to find statistically significant treatments
more difficult than in in vitro settings. In work that was performed by (19), variable
results were seen in the outcomes from greenhouse testing showing that not all strains
will respond the same throughout different areas of testing. However, this is still an
important step in the down selection of strains to field purposes. This can assist in
selecting bacteria when going to field trials, in a sense, if bacterial strains cannot perform
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in a greenhouse conditions where there is relatively little outside input then the strain will
more than likely have a harder time out in a field setting. The wheat genotype, Redfield,
was planted in the field and no endophytes showed any significant growth in yield, with
the highest yield being from the application of BC09, which only yield a small increase in
yield. Redfield final test weight and protein content values were all relatively, consistent,
regardless of endophyte application. Endophyte application could be one cause of the of
the stable field metrics; our application dosage concentration was relatively low. This and
the additional of rhizospheric microbial competitors could have lowered the numbers of
endophytes applied (20). Again, N dependency could also be a factor in how these
endophytes interact with hostplants could indicate why, under low N nutrient
applications, very little or sporadic growth promotion is observed.
Materials and Methods:
Surface Sterilization of Seeds:
Seeds were sterilized using a chlorine gas method described by Lindsey et. al.
(21). Instead of using “100 mL” of bleach, 96 mL of bleach was used to react with 4 mL
of HCl. Containers were left for 12 h in a fume hood. Once, the seeds had been sterilized,
they were stored in beakers that had been autoclaved to maintain surface sterility.
Root Architecture
The impact of each isolate on the root architecture was determined for 3 different
regional crops: 4 wheat varieties (3 South Dakota State University spring wheat and 1
South Dakota State University winter wheat), 2 corn varieties (5126RR and 9714-G), and
3 soybean varieties (South Dakota State University Brookings, Codington, and Davison
varieties). Isolates were grown in LB for 24 h at 30°C and 200 rpm. Cultures were
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standardized to an OD of 0.05 at 600 nm with PBS. Each isolate, along with a control,
was measured in 45 replications per variety.
Seed inoculation of wheat was completed by placing 45 surface sterilized seeds
into a sterile 15 mL tube and adding 2 µL/seed (90 µL) of the standardized bacterial
suspension. Tubes were then shaken to coat all seeds evenly. Four sheets of heavy weight
germination paper measuring 21.84 cm x 16.5 cm were wet with 50 mL of polyethylene
glycol 6000. Fifteen seeds were placed between the 2 center sheets 2.54 cm down from
the long edge, maintaining equal spacing between seeds and 0.635 cm from the short
edge of the paper. All 4 sheets were then transferred to a square Petri dish. This was
repeated for 3 Petri dishes per isolate totaling 45 seeds. Completed Petri dishes were
placed within a growth chamber (16 h: 25°C, 60 % relative humidity, light; 8 h: 20°C, 60
% relative humidity, dark) horizontally for 24 h before rotating upright for 5d.
Seed inoculation for corn and soybean was competed using 3 µL of the
standardized bacterial suspension per seed. Tubes were shaken to coat all seeds evenly.
Two sheets of heavy weight germination paper measuring 60.96 cm x 15.24 cm were wet
with 50 mL of autoclaved distilled water. Fifteen seeds were placed between the sheets
across the long edge of the germination paper, maintaining 3.8 cm from the long edge
and 1 in from the short edge. The 2 sheets were then rolled and placed into glass jars with
the seeds upright. Jars with soybeans were placed within the growth chamber (16 h:
25°C, 60 % relative humidity, light; 8 h: 20°C, 60 % relative humidity, dark) for 7d, and
after 5 d the jar caps were removed. Jars with corn were left uncapped and placed within
the growth chamber for 4 days.
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Following seed germination and growth, the germination paper was removed
from the containers and each seedling was weighed for fresh weight. After the mass was
collected for each seedling, they were placed on a desktop scanner and scanned at 600 dpi
resolution. Images were opened with WinRhizo and root length, surface area, and volume
were calculated.
Greenhouse Trials
Preparation for greenhouse trials consisted of standardizing cultures used for seed
inoculation. Isolates were grown in LB for 24 h at 30°C and 200 rpm. Cultures were
standardized to an OD of 0.05 at 600 nm with PBS. All substrates were steam pasteurized
for 30 min before the substrate were added to the pots. All pots were watered using an
automatic sprinkler system that turned on for 16 s every 64 min, keeping media from
drying out.
Wheat was grown for 21 d in 165 mL pots containing 70% by volume of sand and
30% by volume of perlite. South Dakota State University spring wheat varieties Boost,
Prevail, and Surpass were inoculated with 2 µL standardized culture per seed and grown
under high (100 % nitrogen based on Hoagland’s solution) and low (10% nitrogen based
on Hoagland’s solution) nitrogen conditions. All 20 isolates were used at both nutrient
levels, along with an uninoculated control, in 15 replicates for the 3 varieties. After 14 d
of growth, 2 mL of the appropriate nutrient solution was added to each pot. The plant
tissue was harvested after 21 d, divided into root, and shoot for each plant, dried at 70°C,
and weighed after 3 d.
tissue was harvested after 21 d, divided into root and shoot for each plant. Plant root and
shoot biomass were measured after 3 d of drying at 70°C.
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To check endophytes ability to enhance wheat growth under natural conditions, 10
endophytes were selected based on root architecture and plant growth promoting
capabilities (BC01, BC02, BC03, BC05, BC09, BC11, BC12, BC13, BC15 and BC16).
South Dakota State University’s winter wheat variety Redfield was used and planted at a
rate of 1.2 mil seeds per acre (89 g seed per plot inoculated with 1392 µL of cell suspension)
in the fall of 2017. An uninoculated control was used to calculate effect of BC endophytes
on wheat growth. Plots were 5 ft x 20 ft and extra fertilizer was not applied. In the summer
of 2018 plots were harvested and yield, protein content, and test weight were measure,
correcting yield, and protein content to a moisture level of 13%. Replications were laid out
in randomized complete block design of 4 replications per treatment.
Field Trials under Natural Nitrogen Levels
To check the ability of the different endophytes to enhance wheat growth under
natural conditions, 10 endophytes were selected based on their effect on root architecture
and their plant growth promoting capabilities (BC01, BC02, BC03, BC05, BC09, BC11,
BC12, BC13, BC15 and BC16). South Dakota State University’s winter wheat variety
Redfield was used and planted at a rate of 1.2 mil seeds per acre (89 g seeds per plot
inoculated with 1392 µL of cell suspension) on 21 September 2017. An uninoculated
control was used to the calculate the effect of the BC endophytes on wheat growth. The
plots were 5 ft x 20 ft and extra fertilizer was not applied (phosphate ~ 6 mg/L, nitrate ~
14 mg/L, and ammonium ~ 2 mg/L). Replications were laid out in a randomized
complete block design of 4 replications per treatment. On 18 July 2018 (42 weeks and 6
days after planting), the plots were harvested and yield, protein content, and test weight
were measured, correcting yield and protein content to a moisture level of 13%.
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Statistical Analyses

Root architecture experiments (n = 45) and greenhouse trials (n = 15) were
analyzed using the Dunn’s non-parametric test from the FSA package (v0.8.27) in R
(v3.6.2) at p < 0.1 without correcting for multiple comparisons (22). Field harvest data (n
= 4) was analyzed with the LSD test from the agricolae (v1.3-2) package in R (23).
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Figure 4.1: Root architecture percent changes from the control for spring wheat variety Boost using 20 bacterial
endophytes isolated from Brassica carinata. Asterisk (*) denotes significance at p < 0.1 using Dunn's nonparametric
analysis without correcting for family-wise error.
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Figure 4.2: Root architecture percent changes from the control for spring wheat variety Prevail using 20 bacterial
endophytes isolated from Brassica carinata. Asterisk (*) denotes significance at p < 0.1 using Dunn's nonparametric
analysis without correcting for family-wise error.
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Figure 4.3: Root architecture percent changes from the control for spring wheat variety Surpass using 20 bacterial
endophytes isolated from Brassica carinata. Asterisk (*) denotes significance at p < 0.1 using Dunn's nonparametric
analysis without correcting for family-wise error.
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Figure 4.4: Root architecture percent changes from the control for winter wheat variety Redfield using 20 bacterial
endophytes isolated from Brassica carinata. Asterisk (*) denotes significance at p < 0.1 using Dunn's nonparametric
analysis without correcting for family-wise error.
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Figure 4.5: Shoot biomass percent changes for spring wheat variety Boost using 20 bacterial endophytes under
greenhouse conditions. Asterisk (*) denotes significance at p < 0.1 using Dunn's nonparametric analysis without
correcting for family-wise error.
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Figure 4.6: Root biomass percent changes for spring wheat variety Boost using 20 bacterial endophytes under
greenhouse conditions. Asterisk (*) denotes significance at p < 0.1 using Dunn's nonparametric analysis without
correcting for family-wise error.
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Figure 4.7: Shoot biomass percent changes for spring wheat variety Prevail using 20 bacterial endophytes under
greenhouse conditions. Asterisk (*) denotes significance at p < 0.1 using Dunn's nonparametric analysis without
correcting for family-wise error.
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Figure 4.8: Root biomass percent changes for spring wheat variety Prevail using 20 bacterial endophytes under
greenhouse conditions. Asterisk (*) denotes significance at p < 0.1 using Dunn's nonparametric analysis without
correcting for family-wise error.
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Figure 4.9: Shoot biomass percent changes for spring wheat variety Surpass using 20 bacterial endophytes under
greenhouse conditions. Asterisk (*) denotes significance at p < 0.1 using Dunn's nonparametric analysis without
correcting for family-wise error.
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Figure 4.10: Root biomass percent changes for spring wheat variety Surpass using 20 bacterial endophytes under
greenhouse conditions. Asterisk (*) denotes significance at p < 0.1 using Dunn's nonparametric analysis without
correcting for family-wise error.
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Figure 4.11: Yield corrected to 13% moisture for winter wheat variety Redfield inoculated with 10 bacterial
endophytes and a non-treatment control under field conditions. Letters signify LSD significance at p < 0.1 without
correcting for family-wise error. Bars with the same letter are statistically similar. Error bars are standard error of the
mean.
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Figure 4.12: Test weight for winter wheat variety Redfield inoculated with 10 bacterial endophytes and a nontreatment control under field conditions. Letters signify LSD significance at p < 0.1 without correcting for family-wise
error. Bars with the same letter are statistically similar. Error bars are standard error of the mean.
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Figure 4.13: Protein content corrected for 13% moisture for winter wheat variety Redfield inoculated with 10 bacterial
endophytes and a non-treatment control under field conditions. Letters signify LSD significance at p < 0.1 without
correcting for family-wise error. Bars with the same letter are statistically similar. Error bars are standard error of the
mean.
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Abstract:
Endophytic bacteria isolated from the oilseed crop Brassica carinata have shown
promise as plant growth promoting bacteria with characteristics of indole-3-acetic acid
production, ability to grow on nitrogen free media and having gene amplification of 1aminocyclopropane-1-carboxylate deaminase. Application to wheat and soybean had
previously showed promise for nitrogen stress alleviation under greenhouse growing
conditions. Genotypes 5126RR and 9714/G were used for short term root architecture
and greenhouse assays. Genotype 5126RR showed significant increases in root length,
surface area and volume by BC02 and BC12 by at least 23.0%, while BC15 - BC17
significantly increased the seedling root mass, length, surface area and volume in 9714/G.
Both genotypes were grown under both low and high nitrogen in the greenhouse.
Genotype 5126RR was not significantly different from the control except for BC02
significantly decreasing shoot biomass under high nitrogen conditions (-19.17%). Shoot
biomass of 9714/G significantly increased by BC16 under high nitrogen and BC17 and
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BC18 under low nitrogen conditions and benefitted significantly in root biomass from the
inoculation of BC16, BC18, and BC20 under high nitrogen. Nitrogen and phosphorus
concentration at V5 and tasseling in field trials did not deviate from the respective control
significantly. Field trial yield was not significantly affected by the endophyte application,
but under high nitrogen conditions BC06, BC13, and BC19 did increase yield by 4.33%,
5.75%, and 6.24% from the controls’ 237.85 bu/ac. These experiments indicate a positive
trend in some B. carinata endophyte inoculations when applied to corn.

Introduction:
The largest crop in the United States for 2019 was Zea mays, or corn. Corn was
planted on 81.8 million acres which yielded 13.7 billion bushels (1). To maintain high
yields, the South Dakota State University Extension office recommends applying 1.2
pounds of nitrogen for every bushel of corn yield goal (bushels per acre at harvest time)
(2). This rule-of-thumb shows the high nitrogen requirements of corn, and these nitrogen
requirements contribute largely to the costs of production (3). Of the nutrients that are
applied to fields to maintain crop health, the intake of corn has been estimated as 40%
while nitrogen runoff can be 50% of the total nitrogen applied (4-6). Run-off from
nitrogen fertilizer applications can increase the number of algae in water, leading to
oxygen deprivation for marine life (7, 8).
One option to decrease the needed fertilizer applied to fields is to transform corn
with the genes needed for biological nitrogen fixation, however, this has not yet been
successful and will take a longer time to develop. Another is the addition of cover crop
rotations that prevent the run-off and leaching of nitrogen into the surrounding
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environments (6). Also, the use of legume cover crops is a potential for nitrogen sources
of corn, but the benefit the cover crop contributes to corn yield is dependent on the type
of legume being used (9). Cover crops can also have the potential to negatively impact
the production of corn by decreasing the corn population through competition (10). In
addition to these methods, bacterial endophytes pose a potential avenue of plant growth
promotion.
Bacterial endophytes are bacteria that reside within plant tissue and do not cause
harm to their host plant. Sometimes these bacteria are able to produce compounds that
induce host defense systems, preventing pathogens or decreasing the levels of pathogens
(11, 12). Plants such as sugarcane may derive up to 80% of their nitrogen from nitrogen
fixing bacteria within roots, stems and leaves (3). Other crops such as wheat have shown
benefits from the application of nitrogen fixing bacteria when the plants are grown under
low nitrogen conditions (13). Nitrogen fixing bacteria also may produce plant hormones
that promote cell elongation and cellular division, and the overproduction of indole-3acetic acid can consequently increase nitrogen fixation (14). Throughout this study we
determined the effectiveness of bacterial endophytes with plant growth promoting
characteristics to alleviate nitrogen stress in corn under short in-vitro assays, in
greenhouse, and in field trials.
Results:
Using BLAST on the sequenced of 16S rRNA gene previously showed that 11
endophytes isolated from B. carinata were from the genus Bacillus (B. pumilis BC01, B.
paralicheniformis BC02, B. pumilis BC07, B. pumilis BC08, B. subtilis BC10, B. pumilis
BC13, B. cereus BC14, B. thuringiensis BC15, B. safensis BC16, B. safensis BC18, and
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B. sp. BC20), 4 from the genus Enterobacter (BC03, BC04, BC05, and BC06) and 3
from the genus Pantoea (P. agglomerans BC09, P. agglomerans BC11, and P. sp.
BC12). The genera Lysinibacillus (L. sp. BC17) and Xanthomonas (X. sacchari BC19)
both each had 1 isolate of the 20 identified (15).

Root Architecture
Corn variety 5126RR showed an overall positive root growth after the inoculation
with isolates that were isolated from Brassica carinata. Only the inoculation with BC03,
BC04, BC05, and BC10 led to negative root responses when compared to the respective
control (Figure 5.1). BC10 did, however, increase the overall seedling mass. Isolates
BC02, BC07, and BC12 significantly increased the root length, surface area, and volume.
BC15 through BC20 significantly decreased the root length but had only a minor
negative or positive impact on other root characteristics.
Variety 9714/G had a very different response to isolate application than 5126RR.
BC01, BC02 – BC12, BC14, BC19, and BC20 decreased seedling mass, root length,
surface area, and volume compared to the control while the isolate BC13 and BC15,
BC16, BC17, and BC18 increased all metrics (Figure 5.2). BC02 and BC03 decreased
seedling mass but increased the volume of the roots, but BC02 decreased both root length
and surface areaBC03 decreased root length but increased the root surface area. Max root
length was observed after the inoculation with BC15. This isolate increased root length
by 61% compared to the control (Figure 5.2).
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Greenhouse Trial
Corn variety 5126RR showed overall larger responses under high nitrogen than
under low nitrogen conditions in the shoot tissue (Figure 5.3). BC06 elicited a significant
decrease in the shoot biomass under high nitrogen conditions and led to a 19% decrease
in biomass. BC12 showed an increase of 21% over the control but this increase was not
significant. Under low nitrogen conditions there weren’t any significant changes in
biomass, however BC01 and BC14 led to a 17% and 14% increase, respectively. There
were no significant changes in 5126RR root biomass from the application of the Brassica
carinata isolates, but there was a negative trend by many of the isolates (Figure 5.4).
Variety 9714/G showed more positive responses after endophyte inoculation. In
shoot biomass, BC03, BC06, and BC12 led to a negative response under high nitrogen
conditions compared to the control, while BC16 caused a negative response under low
nitrogen conditions (Figure 5.5). All other isolate/nutrient combinations resulted in an
increased biomass compared to the control. BC16 significantly increased the shoot
biomass under high nitrogen conditions, and BC17 and BC18 significantly increased the
shoot biomass under low nitrogen conditions. BC16, BC18, and BC20 were also able to
significantly increase root biomass under high nitrogen conditions (Figure 5.6). Eight of
the 11 isolates had shown different responses under high and low conditions.

Field Trial
We examined the nitrogen and phosphorus concentrations in the corn tissues in the
field trial. At V5, the nitrogen concentration in the low nitrogen treated plants did not
differ (Figure 5.7). The average nitrogen concentration was about 4.2% for the low
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nitrogen treated plants. High nitrogen treated plants showed a greater variation in the
nitrogen concentration among the different isolate treatments, but none of the isolates
differed from the controls (Figure 5.7). The highest concentration of nitrogen of 4.28%
was observed after an inoculation BC19, and the concentration was statistically higher
than after an inoculation with BC03, with a nitrogen concentration of only 3.92%.
Phosphate concentrations within the corn tissue of the low nitrogen treatment ranged
from 0.34% with BC14 to 0.38% in BC18 (Figure 5.8). BC14 and BC18 were statistically
different using the LSD test at p < 0.1, but the other isolates are statistically similar to
each other. Under the high nitrogen application treatment, BC13, BC18, and BC19 did
not differ, but differed from BC15, which had a concentration was lower at 0.34%.
Tissue sampling at the tasseling stage of corn was the final sampling time for
nutrient concentrations within plant tissue. Under the low and high nitrogen application
treatments, the nitrogen concentration in the tissue was similar between all isolate
treatments. The average concentration under low nitrogen fertilization was 3.25% and
under high nitrogen applications was 3.29%. Phosphorus levels were also similar within
the nitrogen applications, with all isolates grown under low nitrogen being similar to one
another and all isolates grown under high nitrogen being similar to one another (Figure
5.10). Low nitrogen application resulted in an average phosphorus concentration of
0.29% at tasseling, and the high nitrogen application resulted in an average phosphorus
concentration of 0.29% at tasseling. Low and high nitrogen applications were not
compared, only within the nitrogen applications.
Yields of SP375 under low and high nitrogen conditions displayed differing levels
of significance. Under low nitrogen conditions, all of the isolate applications were
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statistically similar according to an LSD test at p < 0.1 (Figure 5.11). Even without
significance, isolates BC13 and BC 17 had shown about 6.5% increase in the average
yield of the 4 plots, while BC03 slightly decreased the yield of SP375 For the high
nitrogen treatment, all BC isolates were statistically similar to the control (Figure 5.12).
However, BC19 had an average yield increase of 6.2% when compared to the control.
BC03 also decreased the yield under high nitrogen conditions, decreasing 3.4% compared
to the control.
Discussion:
Bacterial isolates were applied to corn seeds and grown in-vitro to determine
bacterial compatibility with two corn varieties were used, variety 5126RR and 9174G.
These corn varieties are field corn varieties and are typically grown for cattle feed and
animal consumption. The majority of endophytes had a positive effect on overall plant
growth in the 5162RR variety. Only four caused negative growth responses in the roots.
Several metrics were measured to determine the overall compatibility. Root mass was
increased after BC10 was applied. Root length, surface area and volume improving when
BC02, BC07, BC12 were added. Isolates BC15-BC20 had little to no effect or a negative
effect on root metrics. The variety of 9714G interacted differently with the applied
endophytes. Several isolates had negative effects on the seedling mass, root length,
surface area and volume when compared to the control. Isolates BC13 and isolates BC15BC18 showed increases in all metrics that were measured. This diverse effect could be
caused from applying endophytes to different plant genotypes and those host systems not
being primed for a specific bacteria strain being applied (16). Host specificity could also
play a role, in that the endophytes from carinata were selected and co-evolved with
carinata and were primed for the specific plant species. After application to the corn
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varieties, these endophytes could have outcompeted other beneficial microbes and caused
a decreased in plant growth or other negative impacts. Results from (17) showed that
while endophytes do show growth promotion in corn varieties, there is a large variable
effect in and between bacterial strain application, not unlike what is shown in our
research. Strain specific interactions or selection based on the plant-host could be
involved in plant growth response. Our strains such as those of the Bacillus genus, often
show similar effects on different corn genotypes which could mean that those genotypes
could be favoring those specific strains and not others (17). BC15 showed a 61% increase
in root length over the control. The decrease in seedling mass by BC02 and BC03 but
increase in volume by these two isolates also suggests that non-native bacterial strains
while at one point can have negative impacts on certain parts of the plant, they can also
have positive impacts on growth of plants as well. Plants that have co-evolved with
certain strains of endophytes, may have a better time with handing the influx of transient
bacteria after application has occurred. This could be a reason why certain endophytes
have both negative and positive effects in different plant parts when applied to non-host
crops (18, 19).
During our greenhouse testing, the corn genotype 5126RR, responded in a larger
capacity under high nitrogen conditions than low nitrogen, which was to be expected.
With an increase in nitrogen fertilizer, the plant would show increased growth and the
bacterial endophytes could have also utilized the additional nitrogen and could put more
energy into other growth promotion abilities. BC06 led to a decrease in in shoot mass
when under a high nitrogen regime and decreased shoot growth 19% when compared to
the control, whereas BC12 had an increase of 21% over the control when in a high
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nitrogen regime, however, this was not a significant. Low nitrogen regimes similarly
showed no significant microbial effects on corn but BC01 and BC14 displayed a 17% and
14% increase over the control, respectively. A negative trend was seen in the genotype
5126RR after an application of endophytes under a low nitrogen regime, showing that
these endophytes may require a certain amount of nitrogen to function and provide
benefits to plants (20). On the other hand, variety 9714G responded more positively after
endophyte application, with shoot biomass increases after an application of all
endophytes, except BC03, BC06 and BC12, with BC16 showing negative responses
under low nitrogen and not high nitrogen. BC17 and BC18 led to significant increases in
shoot biomass under low nitrogen conditions whereas BC16 was indicative of root and
shoot growth improvement when applied under low nitrogen and BC20 was able to
increase root biomass under high nitrogen regimes.
Using the corn variety SP375, endophytes were applied in a field setting to
determine how they would interact with naturally occurring microbes and under low
nutrient supply conditions with low phosphate and low nitrogen. Nitrogen concentration
in plants under low nitrogen was on average, 4.2% whereas for high nitrogen treated
plants had a greater overall variation. BC19 had the highest concentration of nitrogen at
4.28% under high nitrogen conditions. This value was statistically different than the
lowest value recorded of 3.92% when BC03 was applied. Phosphate concentrations with
corn tissue had a range between 0.34% and 0.38% with BC14 and BC18, respectively.
BC14 and BC18 were different after statistical analysis but all other isolates showed no
significant differences after application. When high nitrogen was applied, several isolates
had statistically different effects than the control, which were BC13, BC 18 and BC19,
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which were different than BC15, with a lower concentration of 0.34%. Nitrogen
accumulation in corn plants from early in the season could be one reason why the tissue
concentration values are very similar to each other and no significant effects occur (21).
When sampling at the tasseling stage, it was scene the low and high nitrogen
application was similar between treatments with an average of 3.25% and 3.29% nitrogen
concentration under ow and high, respectively. These similar amounts could be because
of the plant starting to decrease its input of nitrogen into reproduction and that the plant
could have stored nitrogen in the early season, and it does not need to take anymore
nitrogen in for plant processes (21, 22). This same theme also happens when looking at
phosphate levels in plant tissue, with an average of 0.29% at both low and high nitrogen
application levels.
Corn yield data of SP375 showed varying levels under low and high nitrogen
regimes. Low nitrogen conditions all isolates were similar in yield, however, isolates
BC13 and BC17 showed a 6.5% increase over the average yield with BC03 showing a
decrease in yield. High nitrogen treatments were again statistically similar to each other,
however, BC19 had a 6.2% increase over the control and BC03 had a decrease of yield of
3.4% when compared to the control.
Microbial competition as well as plant-microbe compatibility could have been
reasons why these isolates had varying performances when applied in a field setting (23).
This also can be traced back to in-vitro testing and greenhouse assays. Endophyte origins
could also affect how well the inoculum performs, for instance, if an endophyte is from a
nutrient rich area and is then applied to a nutrient poor area, it may not perform as
expected with it having evolved in a nutrient rich area (20, 24). This may not show up in
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in-vitro testing but later down pipelines such as greenhouse and field testing. More
research into how non-native host endophytes effect new-host plants, where endophytes
originated from and how endophytes co-evolved with plant-hosts will be useful to aid in
the search and production of bio-inoculants.

Materials and Methods:
Surface Sterilization of Seeds:
Seeds were sterilized using a chlorine gas method described by Lindsey et. al.
(25) using 96 mL of bleach and its reaction with 4 mL of HCl. Containers were left for 12
h in a fume hood. Once, the seeds had been sterilized, they were stored in beakers that
had been autoclaved to maintain surface sterility.

Root Architecture:
BC endophyte (15) influence on the root architecture of corn cultivars 5126RR
and 9714-G was measured using the software WinRhizo after 600 dpi root scans of
seedlings. The seedlings were inoculated with 24 h old endophyte cultures that were
standardized to an optical density at 600nm of 0.05 with PBS, with 3 µL used per surface
sterilized seed. For each endophyte, 45 replications were performed per genotype.
Inoculated seeds were placed between 2 sheets of heavy weight germination paper
measuring 60.69 cm x 15.24 cm, 3.81 cm from the long edge and even spacing between
15 seeds. This was repeated 3 times for a total of 45 seeds per endophyte that was tested.
The germination paper was rolled and secured lightly with a rubber band to prevent the
germination paper from unrolling. The 3 sets of 15 seeds rolled in germination paper
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were placed within a 6 cm section of PVC 12 cm long with a capped bottom, the top was
left open. PVC sections were placed inside a growth chamber that maintained 25°C for
the 16 h light cycle and 20°C for the 8 h dark cycle. Seedling mass, root length, surface
area, and volume were measured after 4 d of growth.

Greenhouse Trial
Endophytes selected based on root architecture and in-vitro plant growth
promoting capabilities were grown for 24 h at 30°C and 200 rpm before being
standardized to OD600 of 0.05. For corn variety 5126RR, isolates BC01, BC02, BC03,
BC04, BC06 and BC07, BC09 and BC10, BC12, BC15, and BC18 were chosen for
greenhouse trials alongside corn variety 9714-G with BC03, BC06, and BC12-BC20
selected based on combination of root architecture results and in-vitro capabilities. The
growth substrate was prepared with 70% sand and 30% perlite by volume and pasteurized
to decrease the microbial population and then filled in 1 L volume cone pots. Surface
sterilized seeds were inoculated with 3 µL of standardized bacterial suspension. Fifteen
replications were planted for each endophyte with 3 seeds under low and high nitrogen
conditions (low based on 10% Hoagland’s solution and high based on 100% Hoagland’s
solution) in a complete randomized experimental design. Control plants were coated with
sterile PBS solution. Plants were thinned after 3 weeks to one per pot and 2 mL of
nutrients were provided once a week for 5 weeks then 20 mL was provided each week for
4 wks. After 91 d plants were harvested and dried for 3 d at 70°C the biomass was
measured.
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Field Trial
Bacterial endophytes were grown for 24 h at 30°C and 200 rpm and then
standardized to an OD600 of 0.05 with PBS solution. Plots measured 3.048 m x 6.096 m
and prepped with 250 sds/plot (for a population density of 32,000 sds/ac) and inoculated
with 3 µL of standardized cell suspension per seed using PBS as the control. The corn
variety used was SP375 and was subjected to low and high nitrogen conditions with 75 lb
N/ac or 150 lb N/ac, respectively. A randomized complete block design with 4
replications per treatment was planted in spring 2018. Tissue samples were taken at V5 (6
weeks after planting) and tasseling (10 weeks after planting) of newest fully developed
leaf for elemental composition and plants were harvested in the fall of 2018 measuring
yield and test weight. Buctril (Bayer Crop Science) was applied in early June and further
weed management was handled with gardening hoes.

Statistical Analysis
Root architecture experiments (n = 45) and greenhouse trials (n = 15) were
analyzed using the Dunn’s non-parametric test from the FSA package (v0.8.27) in R
(v3.6.2) at p < 0.1 without correcting for multiple comparisons (26). Tissue sample data
was compared using Student’s t-test (5 samples per plot for 4 plots). Field harvest data (n
= 4) was analyzed with the LSD test from the agricolae (v1.3-2) package in R (27).
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Figure 5.1: Root architecture percent changes from the control for corn variety 5126RR using 20 bacterial endophytes
isolated from Brassica carinata. Asterisk (*) denotes significance at p < 0.1 using Dunn's nonparametric analysis
without correcting for family-wise error.
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Figure 5.2: Root architecture percent changes from the control for corn variety 9714/G using 20 bacterial endophytes
isolated from Brassica carinata. Asterisk (*) denotes significance at p < 0.1 using Dunn's nonparametric analysis
without correcting for family-wise error.
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Figure 5.3: Shoot biomass percent changes for corn variety 5126RR using 11 bacterial endophytes under greenhouse
conditions. Asterisk (*) denotes significance at p < 0.1 using Dunn's nonparametric analysis without correcting for
family-wise error.
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Figure 5.4: Root biomass percent changes for corn variety 5126RR using 11 bacterial endophytes under greenhouse
conditions. Asterisk (*) denotes significance at p < 0.1 using Dunn's nonparametric analysis without correcting for
family-wise error.
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Figure 5.5: Shoot biomass percent changes for corn variety 9714/G using 11 bacterial endophytes under greenhouse
conditions. Asterisk (*) denotes significance at p < 0.1 using Dunn's nonparametric analysis without correcting for
family-wise error.

Percent Change from Control

40%

9714/G Greenhouse Root
*

30%

*

20%

*

10%
0%
-10%
-20%

Bacterial Isolate

High Nitrogen

Low Nitrogen

Figure 5.6: Root biomass percent changes for corn variety 9714/G using 11 bacterial endophytes under greenhouse
conditions. Asterisk (*) denotes significance at p < 0.1 using Dunn's nonparametric analysis without correcting for
family-wise error.
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Nitrogen Concentration for Corn Tissue Sampling at V5
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Figure 5.7: Nitrogen concentration in the newest fully developed leaf at V5 of corn variety SP375 of 10 bacterial
endophytes under low (75lbs nitrogen) and high (150lbs nitrogen/acre) under field conditions with a control. Letters
signify significance of Least Significant Difference at p < 0.1.
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Figure 5.8: Phosphorus concentration in the newest fully developed leaf at V5 of corn variety SP375 of 10 bacterial
endophytes under low (75lbs nitrogen/acre) and high (150lbs nitrogen/acre) under field conditions with a control.
Letters signify significance of Least Significant Difference at p < 0.1.
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Nitrogen Concentration for Corn Tissue Sampling at Tasseling
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Figure 5.9: Nitrogen concentration in the newest fully developed leaf at tasseling of corn variety SP375 of 10 bacterial
endophytes under low (75lbs nitrogen) and high (150lbs nitrogen/acre) under field conditions with a control. Letters
signify significance of Least Significant Difference at p < 0.1.
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Figure 5.10: Phosphorus concentration in the newest fully developed leaf at tasseling of corn variety SP375 of 10
bacterial endophytes under low (75lbs nitrogen) and high (150lbs nitrogen/acre) under field conditions with a control.
Letters signify significance of Least Significant Difference at p < 0.1.
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SP375 Yield under Low Nitrogen Conditions
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Figure 5.11: SP375 yield for 10 bacterial endophytes grown under low nitrogen conditions (75lbs nitrogen/acre).
Letters signify significance of Least Significant Difference at p < 0.1.
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Figure 5.12: SP375 yield for 10 bacterial endophytes grown under high nitrogen conditions (150lbs nitrogen/acre).
Letters signify significance of Least Significant Difference at p < 0.1.
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Abstract
Previous characterization and testing of plant growth promoting bacterial endophytes
isolated form Brassica carinata showed that while no significant increases were observed
from field trials in winter wheat, greenhouse and short-term root architecture assays
suggested that the application of these endophytes can increase plant growth. To assess
this in soybean, short term root architecture assays and a greenhouse trial was conducted
under low nitrogen conditions, and a final field trial was conducted under natural
phosphate levels. The South Dakota State University soybean variety Brookings showed
high and significant responses after an inoculation with the endophyte isolates
Enterobacter sp. BC06, Bacillus pumilis BC07 and Bacillus pumilis BC08. BC07
increased seedling root biomass by 71.9% and increased the root surface area by 55.8%.
The response of the soybean variety Codington was less pronounced, but BC09 increased
seedling biomass and root characteristics. The SDSU soybean variety Davison responded
mostly negative after the inoculation with the endophytes. While Brookings showed
significant increases in root traits in the short-term trial, this could not be confirmed
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under greenhouse conditions, and Bacillus pumilis BC01 significantly decreased shoot
and root biomass. Codington under greenhouse conditions was only significantly
increased in shoot biomass by Bacillus pumilis BC13 and root biomass by Bacillus
thuringiensis BC15. Nitrogen and phosphate levels in the plant tissues were not
significantly impacted after the endophyte inoculation in the Brookings field trials at both
sampling times, however, Bacillus sp. BC20 significantly increase tissue phosphorus
concentrations in Codington at R3 growth stage. Yields were not significantly increased
after the inoculation with endophytic bacteria in Brookings and BC20 significantly
decreased yield. Soybean variety Codington yield was significantly decreased in
Enterobacter sp. BC04, Enterobacter sp. BC05, BC07, Pantoea sp. BC12, Bacillus
pumilis BC13, Bacillus cereus BC14, and BC20. While potential plant growth promoting
endophytes isolated from Brassica carinata were not able to significantly increase yields
under natural soil phosphate levels, they show promise for increasing soybean biomass
under low nitrogen levels.
Introduction:
Soybean was the second highest land use crop in the United States in 2019 by the
number of acres harvested (75.6 million acres), only second to corn for the use of grain
(81.8 mil acres). On these 75.6 mil acres, soybean produced an average of 46.9
bushels/acre totaling just over 3.5 billion bushels (1). Bacterial endophytes have the
potential to decrease growth of both common fungal and common bacterial pathogens
and possess other plant growth promoting characteristics which can increase these yields
and land use efficiency (2, 3).
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Bacterial endophytes are bacteria that live within plant tissues and do not cause
negative impacts on the plants. In soybeans, they often possess some level of plant
growth promoting capabilities. These abilities range from the ability to fix atmospheric
nitrogen, to solubilize recalcitrant soil phosphate resources, to the production of
siderophores and plant growth hormones, and the suppression of the pathogens, and
minimizing stresses on the host plant (4-7). For example, endophytes that were able to
suppress the growth of the fungal pathogen Phytophthera sojae also showed the ability to
produce siderophores and the auxin indole-3-acetic acid (IAA) and the ability to fix
atmospheric nitrogen (3). There are correlations between the production of a siderophore
that was produced by the endophyte and the suppression activity against P. sojae (3).
Others have also found that the addition of endophytic fungi that are capable of
producing plant hormones are able to increase the nitrogen content within soybean tissues
(8).
The inoculation with halotolerant bacterial endophytes that are able to grow in
environments with higher levels of NaCl, can decrease the negative growth impact of
saline soils in soybean plants (9). This effect has been attributed to the effects of
endophytes on soybean root structure through the production of (IAA) and increased
nodulation under relatively high saline environments (4, 9). Cadmium stress has been
alleviated in soybeans by inoculation with bacterial endophytes that produce indole-3acetic acid (10). Bacteria within soybeans are also able to lower the amount of cadmium
that is transported into plant tissues while decreasing the hormones of salicylic and
abscisic acid (11). While IAA can directly contribute to the increase in root growth, 1aminocyclopropane-1-carboxylase deaminase (ACCd) produced by bacterial endophytes
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also provides benefits to soybeans by increasing nodulation and growth through the
breakdown of a precursor to ethylene, a stress hormone. This decrease in ethylene levels
increases root length, shoot height, and biomass produced by the plants (12, 13).
The endophytic community of soybeans that are glyphosate-tolerant differ from
those that are non-glyphosate-tolerant, indicating there is an impact to these communities
with the application of glyphosate (5). The differences in the glyphosate- and nonglyphosate-tolerant plants is in part due to the affects that individual cultivars have on
what are beneficial endophytes, termed the genotype effect. The application of
glyphosate-tolerate soybean cultivar N698 positively influenced the amount
Bradyrhizobium and Nitrospora (14). The increase in rhizobium, and co-inoculating with
rhizobium results in higher nodule numbers as well as a greater nitrogen use efficiency of
the soybean plants (15). Non-rhizobia strains such as Bacillus subtilis were able to
increase yield of soybeans after they were inoculated on the seeds, and strain OTF-Bs10
able to increase biomass and nodulation under field conditions (16, 17).
In these studies, we assessed the beneficial impact of bacterial endophytes
isolated from Brassica carinata when applied to soybean seeds. This was done in 3 steps:
first, the endophytes were applied to sterile seeds and we determined whether there were
impacts on root architecture. From this experiment endophytes were down selected for
the next step; a greenhouse trial, and then the endophytes were selected for field trials.

Results:
Sequencing of 16S rRNA gene previously revealed that 11 endophytes isolated from B.
carinata were from the genus Bacillus (B. pumilis BC01, B. paralicheniformis BC02, B.
pumilis BC07, B. pumilis BC08, B. subtilis BC10, B. pumilis BC13, B. cereus BC14, B.

150
thuringiensis BC15, B. safensis BC16, B. safensis BC18, and B. sp. BC20), 4 from the
genus Enterobacter (BC03, BC04, BC05, and BC06) and 3 from the genus Pantoea (P.
agglomerans BC09, P. agglomerans BC11, and P. sp. BC12). The genera Lysinibacillus
(L. sp. BC17) and Xanthomonas (X. sacchari BC19) both each had 1 isolate of the 20
identified (18).
Root Architecture
The soybean variety Brookings showed overall the most positive response after an
inoculation with the bacterial endophytes isolated from Brassica carinata. The isolates
BC01, BC04, BC06, BC07, BC08, and BC10 all caused increases in seedling weight and
root growth compared to the control (Figure 6.1). BC04 and BC07 caused a significant
increase in seedling mass and root architectural traits. For example, BC07 caused a 72%
increase in both seedling mass and root volume. BC13 significantly decreased the
seedling mass by 40%, while also causing significant decreases in root metrics, along
with BC15 and BC19.
Codington was relatively balanced between positive and negative changes in
seedling mass, and root length, surface area, and volume. Isolate BC02, BC03, BC04, and
BC05 led to negative percent changes for all 4 metrics, and BC16 and BC18 also
decreased seedling biomass (Figure 6.2). The application of BC04 to Codington had a
significant negative impact on seedling mass, and root metrics. BC09 was able to
significantly increase seedling mass, and root length, surface area and volume over the
respective control (Figure 6.3).
The SDSU soybean Davison was largely negatively affected by the inoculation
with the Brassica carinata isolates, with only a few exceptions. Isolates BC01, BC02,
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BC03, BC04, BC08, and BC20 all had at least one metric with a positive percent change
(Figure 6.3). BC02, BC04, and BC08 significantly increased root length, and BC04
significantly increased seedling mass and root surface area. Isolates that had significant
negative percent changes for all 4 metrics are BC05, BC06, BC07, and BC09, BC10,
BC12, BC14, BC15, BC16, BC17, BC18, and BC19.
Greenhouse Trial
The use of the soybean variety Brookings, BC01 was the only isolate that was
able to elicit a significant response in shoot and root biomass, albeit negative in
comparison to the control (Figure 6.4). BC01 decreased shoot biomass by about 10.5%
and root biomass by 28.4%. More isolates caused significant changes with the soybean
variety Codington than with Brookings. The shoot biomass of the variety Codington was
significantly decreased after the inoculation with BC01, BC04, BC05, BC06, and BC07,
but significantly increased after the inoculation with BC13 (16%) (Figure 6.5). BC01,
BC04, BC05, BC06, and BC07 significantly decreased shoot biomass and significantly
decreased root biomass. BC15 was the only isolate that significantly increased the root
biomass, but root biomass showed positive trends when compared to the control with the
application of BC09, BC10, BC12 – BC15, and BC20.
Field Trial
The nitrogen concentrations at V5 of the soybean variety Brookings differed
between the low and high phosphate controls, and we found tissue nitrogen concentration
levels of 5.62% or 5.88%, respectively (Figure 6.6). Isolates BC07, BC13, and BC20 had
tissue nitrogen concentrations that were statistically similar to both the high and low
phosphate controls, while the rest of the isolates did not differ statistically significant
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from the low phosphate control. At R3, the difference in the nitrogen concentrations
between the high and low phosphate controls was still established with tissue nitrogen
concentrations of 4.84% and 5.4%. The inoculated plants did not differ in their nitrogen
concentrations from the low phosphate control. Interestingly, the levels of nitrogen in the
plant tissue decreased in all treatments between V5 and R3.
The phosphorus levels of the soybean variety Brookings followed a similar trend
than the nitrogen concentrations within the tissues. The difference between the high and
low phosphate controls was statistically different at both V5 and R3 (Figure 6.7). At V5,
the plants that were inoculated with the isolates BC04, BC07, BC09, and BC15 were
similar to the low phosphate control. The other isolates were statistically similar to both
the low and high phosphate controls. The phosphorus concentrations in the tissues
between V5 and R3 showed a similar decline as the nitrogen tissue concentrations. BC10
was statistically lower than the low phosphate control plants, but the other isolates were
similar to the low phosphate controls. While the higher phosphate application increased
the yield of the soybean variety Brookings control, none of the inoculations with different
isolates led to yield increases in yields and BC20 significantly decreased the yield by
4.2% (Figure 6.8).
Tissue nitrogen concentrations at V5 of Codington resulted in a statistical
similarity between low phosphate control and high phosphate control, but the low
phosphate control plot did have a lower average nitrogen concentration; 5.59% versus
5.73% (Figure 6.9). Isolates BC04 and BC07 were statistically similar to the low nitrogen
control but not the high nitrogen control. Nitrogen concentrations at R3 also show no
statistical difference between the low phosphate control (5.06%) and high phosphate
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control (5.28%). R3 tissue sampling shows BC05 and BC09 had significantly lower
nitrogen concentrations than the high phosphate control, but not different than the low
phosphate control. Other isolates were not statistically different than either the high or
low controls.
Phosphorus concentrations of Codington at V5 were consistent between all
treatments (Figure 6.10). The high phosphate control contained the highest tissue
concentration of phosphorus with 0.46% and BC12 contained the lowest phosphorus
concentrations at 0.41%. Sampling time R3 showed greater, significant differences
between the controls. Low control concentration decreased to 0.39% resulting in
significance to the high phosphate control at 0.47%. BC20 was significantly higher than
the low control while other isolates were similar to only the low control. The other
isolates were statistically similar to only the low control. There is a decreasing trend of
phosphorus levels from V5 to R3 except for the high phosphate control actually
increasing slightly in phosphorus concentration.
Codington yield of the high and low controls also had differences from established
stress (Figure 6.11). BC04, BC05, BC07, BC12, BC13, BC14, and BC20 all decreased
the yield of Codington significantly when comparing to the low control. The greatest
decrease in yield was caused by BC13 with a 5.8% decrease compared to the low control.
The high phosphate control increased yield of Codington by 5.1% over the low phosphate
control (Figure 6.11).
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Discussion:
To test for bacterial compatibility and to help down select potential candidates for
greenhouse and field, root architectural studies were performed with twenty bacterial
endophytes from Brassica carinata. Three different genotypes of soybean were used to
determine if there are differences among the isolates.
The genotype, Brookings, showed a variety of effects after application of
endophytes. Only 8 (BC01, BC04, BC06-10, BC20) led to a significant growth of the four
metrics recorded (weight, surface area, length, volume) compared to the control. BC06 and
BC07 had the highest overall tissue growth promotion, and BC07 showed an increase of
75% over the control in seedling mass and root volume. Codington showed less increase
in growth after endophyte application an only four the isolates (BC09, BC11, BC12, BC14,
BC15) resulted in any significant growth promotion when looking at fresh weight, root
length, root volume and surface area. Likewise, only a very few the isolates (BC02, BC04,
BC08) significantly promoted plant root growth in the genotype Davison. This falls in line
with work that were performed by (19, 20) and the variability they saw with specific
endophytes during in-vitro applications to soybean, even if endophytes showed growth
benefits in-vitro, there wouldn’t always be distinguishable traits after application to plants.
Endophytes from non-host species also could play a role in the variability in the growth
promotion of soybean plants. Endophytes isolated from different varieties of soybean had
different effects when applied to non-host plants and genotypic variation was observed
(21). Since these isolates originated from Brassica carinata, applying them to a nonlegume plant could have adverse effects on soybean plants. Host specificity could be
playing a role here, and possibly, since carinata does not have legumes, this could be a
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We conducted soybean greenhouse trials with two soybean genotypes, Brookings
and Codington, under low nitrogen conditions. The genotype Brookings did not show any
significant growth promotion in shoot growth after the inoculation with any of the
endophytes. Significant decreases in growth were observed in the roots when plants were
inoculated with isolates BC01 and BC02. In the genotype Codington, two isolates, BC13
and BC15 led to a significant growth promotion in the shoot and the root, respectively.
Several isolates showed a significant decrease in both root and shoot growth, BC01-02,
BC04-08. This level of variability was also observed by (22), when applying endophytes
to different varieties in a greenhouse setting.
Tissue sampling was performed to determine the nitrogen and phosphorus
concentration both Brookings and Codington in the field. This was performed at the growth
stages V5 and R3; when plants achieved the maximum of nodes and after flowering when
pods were starting to form. None of the endophytes led to significant increases in the
genotype Brookings compared to the low and high nitrogen controls. However, when
looking at low and high nutrient regimes, at V5, there is a decrease of 5.62% and 5.88% of
nitrogen and between low and high phosphate, respectively. At R3, the difference between
nitrogen concentrations between low and high phosphate were 4.84% and 5.4%. The level
of nitrogen in plant tissues, decreases in all treatments between V5 and R3.
The concentration of phosphorus showed a similar trend as the nitrogen application
testing and had a statistically difference between high and low phosphate controls at growth
stages V5 and R3. AT V5 and R3 no endophyte application had any significant effect and
alleviated phosphate stress. This then translates into highly variable results in the field, that
could be due to several factors. The only isolate that showed any difference in aiding in
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phosphate stress was BC15, which trended higher than the low control but was not
statistically different than the high control. It is thought that the native rhizobacteria
population could outcompete inoculations that are applied to plant tissue and could make
it more difficult or an inoculant to establish itself in a non-native host plant (23, 24).
Tissue sampling was also performed on the genotype, Codington, to determine the
nitrogen and phosphate concentration in the plant tissue after endophyte application. Also,
in the genotype Brookings, none of the endophytes led to a significant effect in the nitrogen
concentration at growth stage V5. Average nitrogen concentrations for low and high
controls, were 5.59% and 5.83%, respectively. BC05, BC09, BC10, BC12, BC13, BC14,
BC15, and BC20 did not differ statistically significant from both the low and phosphate
controls. At growth stage R3 the nitrogen concentration decreased as it did in the Brookings
genotype and showed no statistical difference between the low phosphate and high
phosphate controls, 5.06% and 5.28%, respectively. Isolate BC04 and BC07 are
statistically different than the high phosphate control whereas BC05 and BC09 are lower
than the high phosphate control. Phosphorus concentrations of Codington plant tissue at
V5, showed consistent results throughout the high and low controls and bacterial
treatments. When, tissue was sampled at R3, the extended time gave the plants more time
to take in phosphate and allowed the high control to reach a concentration of 0.47% and
the low control was 0.39%, which was a small decrease. When looking at the isolate
performances, BC20 was significantly higher than the low control and similar to the high
control, whereas all other isolates performed close to the low control. Tissue sampling was
variable and was more dependent on treatment type with specific endophytes performing
better or worse than others. This type of variability and trend was also seen in work done
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by (25) in a field setting. Nitrogen concentration in poplar also showed similar treatment
effects when grown in field settings after endophyte and microbial treatment in that there
were high amounts of variability when tissue nitrogen concentration was measured. The
nitrogen could have been redistributed throughout the plant such as the roots and stem and
may not be as pronounced in leaf tissue. Work performed by (26) showed the phosphorus
applied in a foliar response, similar to what was performed in this experiment, showed no
difference between different varieties of northern oat grass. Single strain inoculations do
not yield as much growth promotion as do multi-strain mixtures (25), this could also affect
our results and is something that we will have to look at in the future. Many bacterial strains
have specific niches and tissue compartments that they inhabit inside of plants. These
niches could account for variability of the nutrient concentrations in plant tissue and could
be another factor to study to see how nutrients are taken up and driven throughout the plant
lifecycle (27).
Yield data from both genotypes showed the low control plants were under stress
and showed differences to the high controls. For the Brookings variety, no isolate produced
any significant yield increase compared to the low control. Highest yield obtained was after
application of BC15, which had a yield of 57.9 bu/ ac, an increase over the low control of
2%. However, some of the isolate inoculations showed a decrease in yield, on average,
when compared the low control.
The second variety, Codington, again showed no significant yield increases over the low
control. Only BC09, BC10 and BC15 had similar performance compared to the low
phosphate control. All other isolates had negative effects on yield. Field locations and
weather also can affect endophyte performance with soil chemistry and rainfall as well as
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humidity having positive or negative effects on endophyte growth promotion potential
(28). For certain endophyte treatments it was found that lower rainfall amount would yield
a larger growth increase (28). For our data, the month of July, rainfall near Brookings, SD
was 9.54 inches, 6.29 inches higher than normal (29, 30). Further research is needed to
ascertain how much of an impact weather and climate has on biological applications there
is and to what extent the long-term effects are. Competition between other microbes in the
soil as well as in planta and establishment and native microbiome competition could have
an adverse effect on the inoculant when it is applied in a field setting (31). Arbuscular
mycorrhizae and rhizobia bacteria also could have unforeseen interactions after endophytes
are applied. All these factors can create a challenging environment for inoculants to form
successful establishments inside of plants and need to be studied in greater detail when
developing a bioinoculant.

Materials and Methods:
Surface Sterilization of Seeds:
Seeds were sterilized using a chlorine gas method described by Lindsey et. al. (32)
using using 96 mL of bleach and 4 mL of HCl. The containers were left for 12 h in a fume
hood. Once, the seeds had been sterilized, they were stored in beakers that had been
autoclaved to maintain surface sterility.
Root Architecture
The impact of the bacterial endophytes from Brassica carinata on early root
growth of soybeans was measured for South Dakota State University varieties:
Brookings, Codington, and Davison. Bacterial endophytes were grown for 24 h at 30°C

159
and 200 rpm before being standardized to an OD600 of 0.05 with PBS. Surface sterilized
soybean seeds were inoculated with 3 µL of standardized bacterial suspension per seed,
with 45 replications per endophyte. Two sheets of heavy weight germination paper
measuring 60.96 cm x 15.24 cm were wet with 50 ml of distilled water. Fifteen
inoculated seeds were planted 1.5 in from the long edge on one germination paper,
maintaining equal spacing between seeds and then the other sheet was placed on top. The
germination paper and seeds were carefully rolled, placed within a glass jar, and capped.
The jars were placed within a growth chamber with 16 h light at 25°C and 8 h dark at
20°C for 7 d. Jar caps were removed after 5 d and the soybeans were allowed to freely
grow for 2 more days. After 7 days, seedling mass was measured, and roots were scanned
into the computer for analysis of root architectural traits such as root length, surface area,
and volume with the software WinRhizo.
Greenhouse Trial
Based on their in-vitro plant growth promoting capabilities (BC01, BC04-BC10, BC12BC15, and BC20) and their impact on root architectural traits, the following endophytes
(BC01, BC04-BC10, BC12-BC15, and BC20) were down-selected and tested with the
soybean varieties Brookings and Codington. Bacterial endophytes were grown for 24 h at
30°C and 200 rpm before standardizing to an OD600 of 0.05. The seeds were inoculated
as described above with 3 µL per seed and allowed to grow 7 d before transplanting them
in pots with about 1 inch of the hypocotyl below the surface. Fifteen replicates of each
treatment were planted in a complete randomized experimental design. The growth
substrate consisted of 10% soil, 20% perlite, and 70% sand by weight and was steam
pasteurized and transferred to 3 L pots. In addition to the endophyte inoculated plants, a
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high and low nitrogen control (high nitrogen was 100% Hoagland’s solution and low
nitrogen was 10% Hoagland’s solution) was used, all endophyte treatments were grown
under low nitrogen conditions. Pots were watered 3 times a week by hand. Every 14 d,
250 ml of the respective nutrient concentration was applied to the media. After 49 d in
pots (56 d old plants), roots and shoot tissues were harvest and dried at 70°C for 3 d
before the biomass measurements were taken.
Field Trial
The soybean varieties Brookings and Codington were tested in the field under low
phosphate supply conditions, with a natural concentration in the soil of 28 ppm (Olsen
phosphate). Bacterial endophytes and a low phosphate control were grown under this low
P supply conditions, and in addition a high phosphate control was used to which 104 g
monoammonium phosphate per plot added for a theoretical phosphate concentration of
40 ppm. The endophytes for these field trials were down-selected based on the in-vitro
assays, and the impact on root architecture, and greenhouse trials. The following 10
isolates (BC04, BC05, BC07, BC09, BC10, BC12, BC13, BC14, BC15, and BC20 were
used. The soybean plots were prepared in spring of 2018 with 1100 seeds per plot for a
population density of 165,000 seeds per acre and inoculated with an OD600 of 0.05 at 3
µL per seed. Treatments were arranged in a randomized complete block experimental
design. Plant tissue sampling was taken at V5 (5 weeks after planting) and R3 (9 weeks
after planting), sampling the newest fully developed trifoliate. Seeds were harvested in
the fall of 2018 and yield metrics were collected.
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Statistical Analysis

Root architecture experiments (n = 45) and greenhouse trials (n = 15) were
analyzed using the Dunn’s non-parametric test from the FSA package (v0.8.27) in R
(v3.6.2) at p < 0.1 without correcting for multiple comparisons (33). Tissue sample data
was compared using Student’s t-test (5 samples per plot for 4 plots). Field harvest data (n
= 4) was analyzed with the LSD test from the agricolae (v1.3-2) package in R (34).
Acknowledgements: We would like to thank the South Dakota State University
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Figures:
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Figure 6.1: Root architecture percent changes from the control for soybean variety Brookings using 20
bacterial endophytes isolated from Brassica carinata. Asterisk (*) denotes significance at p < 0.1 using
Dunn's nonparametric analysis without correcting for family-wise error.
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Codington Root Architecture
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Figure 6.2: Root architecture percent changes from the control for soybean variety Codington using 20
bacterial endophytes isolated from Brassica carinata. Asterisk (*) denotes significance at p < 0.1 using
Dunn's nonparametric analysis without correcting for family-wise error.
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Figure 6.3: Root architecture percent changes from the control for soybean variety Davison using 20
bacterial endophytes isolated from Brassica carinata. Asterisk (*) denotes significance at p < 0.1 using
Dunn's nonparametric analysis without correcting for family-wise error.
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Figure 6.4: Shoot and root biomass percent changes for soybean variety Brookings using 20 bacterial
endophytes under greenhouse conditions. Asterisk (*) denotes significance at p < 0.1 using Dunn's
nonparametric analysis without correcting for family-wise error.
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Figure 6.5: Shoot and root biomass percent changes for soybean variety Codington using 20 bacterial
endophytes under greenhouse conditions. Asterisk (*) denotes significance at p < 0.1 using Dunn's
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nonparametric analysis without correcting for family-wise error.
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Figure 6.6: Nitrogen concentration in the newest fully developed trifoliate of Brookings soybean variety of
10 bacterial endophytes under low phosphate conditions (28ppm) within the field with a low phosphate
control and a high phosphate control (40ppm theoretical). Letters signify significance of Least Significant
Difference at p < 0.1.
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Figure 6.7: Phosphorus concentration in the newest fully developed trifoliate of Brookings soybean variety
of 10 bacterial endophytes under low phosphate conditions (28ppm) within the field with a low phosphate
control and a high phosphate control (40ppm theoretical). Letters signify significance of Least Significant
Difference at p < 0.1.
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Figure 6.8: Brookings soybean variety yield of 10 bacterial endophytes grown under low phosphate
(28ppm) conditions with a high (40ppm theoretical) and low phosphate control. Letters signify significance
of Least Significant Difference at p < 0.1.
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Figure 6.9: Nitrogen concentration in the newest fully developed trifoliate of Brookings soybean variety of
10 bacterial endophytes under low phosphate conditions (28ppm) within the field with a low phosphate
control and a high phosphate control (40ppm theoretical). Letters signify significance of Least Significant
Difference at p < 0.1.
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Figure 6.10: Phosphorus concentration in the newest fully developed trifoliate of Codington soybean
variety of 10 bacterial endophytes under low phosphate conditions (28ppm) within the field with a low
phosphate control and a high phosphate control (40ppm theoretical). Letters signify significance of Least
Significant Difference at p < 0.1.
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Figure 6.11: Codington soybean variety yield of 10 bacterial endophytes grown under low phosphate
(28ppm) conditions with a high (40ppm theoretical) and low phosphate control. Letters signify significance
of Least Significant Difference at p < 0.1.
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Abstract
We sequenced Duganella sp. DN04, a novel species within the Duganella genus from a
maize field in North Carolina. The assembled draft genome size is 6,562,230 bp, with a
total of 6,039 protein coding sequences and 3,889 functionally assigned genes, including
genes putatively involved in the colonization of plants.
Announcement
The Genus Duganella within the Oxalobacteraceae Family was identified in 1997 (1) and
consists of Gram negative, motile, aerobic, mesophilic bacteria that are mainly found in
soils. Most Duganella strains produce the bis-indole pigment violacein which has
antifungal and antibacterial properties (2, 3). Other Duganella strains show proteolytic and
lipolytic activities (4).
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Duganella sp. DN04 was isolated from a maize field in North Carolina on June 9th, 2016
(geographical coordinates 36.1034, -78.4114, soil pH 5.8). Soil was added to phosphatebuffered saline, and dilutions were plated on R2A plates, incubated at 30°C for 1-2 days,
followed by 20°C for 1-2 days. Repeated colony transfers and streaks were performed on
R2A to acquire a pure colony. Genomic DNA was extracted from a freshly grown R2A
culture using the AllPrep Bacterial DNA/RNA/Protein Kit (QIAGEN Inc., Germantown,
MD) following the kit protocol. A genomic library was prepared using Illumina Nextera
(San Diego, CA), size selected to an average fragment length of 475 bp and sequenced
using Illumina NextSeq paired-end v2 Chemistry on v2.5 flowcells at 150 bp per read. A
target coverage of 20X was used, and the genome was assembled using SPAdes 3.13.0 (5).
Default parameters were used for all software unless otherwise specified. The genome was
screened for possible contamination by blasting annotated coding regions that represented
at least 60% of the contigs against a diverse set of genomes. If less than 10% of the hits
were to proteins from other species in the same family, the contamination was considered
to be low.
A total of 11,788,390 reads were obtained with a total read length of 1,738,895,421 bp, and
an average read length of 148 bp. The genome length was 6,562,230 bp. In total, we found
281 contigs, with a N50 value of 40,161 (range: 671 to 141,855 bp) and an L50 value of
49. Assembly quality assessment using BUSCO (6) revealed a measured completeness (40
single copy BUSCO’s) of 100%. Following genome annotation by PATRIC 3.5.28 (7), we
identified a total of 6,039 protein coding sequences with 2,150 hypothetical genes, and
3,889 genes with functional assignments. DN04 has 48 tRNA genes, 4 rRNA genes, 43
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antibiotic resistance genes, and a GC content of 64.4%. Based on 16S rRNA, Duganella
sacchari strain Sac-22 is the closest related species (98.82% identity).
Galaxy and RAST 2.0 were used to annotate and identify specific genes (8, 9). We
discovered several genes that are putatively involved in plant-growth promotion, including
genes needed to catalyze the decomposition of hydrogen peroxide (katE), and genes
involved in the production of urease (ureA-G), biofilms (bdcA, and wspC) (10), and biotin
(bioA-D, bioF) (11), and several genes of the pst operon and a two-component signal
transduction system involved in phosphate uptake (phoR, phoB, phoD, pstS,C,A,B, phoU,
ppk) (12). We also identified 60 putative virulence genes, including 45 antibiotic and toxic
compound resistance genes and 15 invasion and intracellular resistance genes.
Data availability.
The complete genome sequence has been deposited in NCBI/GenBank under BioProject
number PRJNA529278, BioSample number SAMN11263562, accession number
SPVG00000000, and SRA accession number SRX6098754.
Acknowledgements. This project was funded by Novozymes North America. The authors
would like to thank Novozymes North America for providing the novel isolate and whole
genome sequencing, Timothy Lilburn (Novozymes North America), Deborah Springer
(Novozymes North America), and Alex Soupir (South Dakota State University) for
technical guidance and support throughout this project.
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Abstract
From garden soil, we isolated and sequenced Massilia sp. strain ONC3, a new member of
the Oxalobacteraceae within the Massilia genus. Sequence analysis showed an
assembled genome size of 5,622,601 bp, with a predicted total of 5,104protein-coding
sequences, 3,194 functionally assigned genes, 2 rRNA operons, and 56 tRNAs.

Announcement
Members of the genus Massilia have been isolated from soil, air, and water samples, as
well as from the plant rhizosphere and endosphere, and they are typically Gram-negative,
rod-shaped aerobes (1,2). Certain species of Massilia can promote plant growth through
their ability to solubilize recalcitrant phosphate sources in soils (3) or through their
positive impact on the colonization of plants by beneficial root symbionts such as
arbuscular mycorrhizal fungi. Massilia sp. strain RK4, for example, increases root
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colonization by arbuscular mycorrhizal fungi and their nutritional benefits to maize plants
under salt stress (4). Other Massilia species are highly resistant to heavy metals and have
been isolated from mines (5). We isolated a putative new species of Massilia from
unplanted garden soil (pH 5.2) near Maxton, NC (34.6494,79.4327). The isolate was an
interesting target for whole-genome sequencing, since Massilia strains often show plant
growth-promoting capabilities. The soil samples were dried for 3 days prior to bacterial
isolation, mixed with 1phosphate-buffered saline, streaked out several times until single
colonies were isolated on R2A medium, and cultured at 30°C. Cultures were grown in
R2A broth at 30°Cfor 2 days before genomic DNA (gDNA) was extracted using the
Agencourt GenFind v2kit (Beckman Coulter Life Sciences, Indianapolis, IN) and the
protocol for bacterial gDNA extraction. The genomic library was prepared using the
Illumina Nextera platform (SanDiego, CA), size selected to an average fragment length
of 475 bp, and sequenced usingIllumina NextSeq paired-end v2 chemistry on v2.5 flow
cells at 150 bp per read. The target coverage for the reads was 20. We used the default
settings of Bayes Hammer and SPAdes 3.13.0 (6) for quality trimming and denovo
assembly of the 10,528,120 total reads. This resulted in 155 contigs with anN50value of
56,531 bp (contig size range, 942to 207,795 bp) and a total assembled size of 5,622,601
bp, with a GC content of 63.82%. Assembly quality with 40 reference proteins through
BUSCO (7,8) revealed a measured completeness (40 single-copy BUSCOs) of 100%.
Genome assembly and annotation were carried out using the PATRIC 3.5.28 pipeline (9)
and confirmed by Galaxy (10) and RAST2.0 (11), which identified 5,104 protein-coding
sequences, 3,194 proteins with functional assignments, 2 rRNA operons, and 56 tRNA
genes. Based on NCBI BLAST (12) searches of the 16S rRNA gene sequences, Massilia
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sp. strain ONC3 was found to have the highest similarities (98% sequence identity) with
Massilia solisilvae J18 and Massilia terrae J11. The Genome-to-Genome Distance
Calculator (GGDC) (13) calculates intergenomic distances using three formulas (the sum
of all identities found in aligned high-scoring segment pairs divided by the total genome
length and expressed as a percentage) and was used to compare the ONC3 genome to the
5 most related genomes (Massilia albidiflava DSM 17472, Massilia armeniaca ZMN-3,
Massilia putida 6NM-7T, Massilia sp. strain NR 4-1, and Massilia sp. strain WG5 [14]).
The results for the ONC3 genome relative to the other selected genomes showed a
0%match (or less than 70% of the scientific community threshold) (15,16). This suggests
that Massilia sp. ONC3 is a novel species within the Massilia genus.
Data availability
This genome has been deposited at DDBJ/EMBL/GenBank under the BioProject number:
PRJNA529408, BioSample number: SAMN11265771, accessionnumber:
NZ_SPUM00000000, and SRA accession number: SRR9320523.
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Abstract.
We sequenced the bacterial strain M1 that was isolated from actively farmed soil, and
which could potentially be a new member of the Oxalobacteraceae family. Sequence
analysis showed an assembled draft genome size of 4,709,175 bp with a predicted total of
4,967 protein-encoding genes, 2 rRNA operons, and 44 tRNAs.

Announcement
The Family Oxalobacteraceae is comprised of 13 distinct genera which are all Gram
negative, non-spore forming, mostly mesophilic with only a small number of psychrophilic
species (1). Some genera are found in soils, can be closely associated with plants, and can
colonize plants as endophytes (2). Oxalobacteraceae also form close relationships with
other soil microbes, such as arbuscular mycorrhizal fungi (3) and can promote spore
germination, hyphal growth and root colonization (4). The genus Herbaspirillum contains

189
species with plant growth promoting capabilities that could serve as microbial fertilizers in
agricultural applications, and increase the yield of economically important crops, such as
rice and sorghum (5, 6).
Strain M1 was collected on September 12th, 2016, from the top six inches of a sandy-loam
soil near the Highland Township, Michigan, USA (44.1251, -85.2112). Soil aliquots were
mixed into phosphate buffered saline (PBS), and dilutions were plated onto R2A agar and
incubated first at 30°C for 2 days, and then at 20°C for additional 2 days. Isolates from
plates with between >50 and <300 colonies were transferred to a grid plate of fresh R2A
agar. After colony establishment, selected colonies were streaked for purity on R2A agar
and freezer stocks were created. Genomic DNA was extracted from a fresh colony grown
on R2A agar using the MoBio AllPrep Bacterial DNA/RNA/Protein Kit (QIAGEN Inc.,
Germantown, MD) following the kit´s protocol. A genomic library was prepared using the
Illumina Nextera platform (San Diego, CA), size selected to an average fragment length of
475 bp and sequenced by the Illumina NextSeq paired-end v2 Chemistry on v2.5 flowcells
at 150 bp per read with an 20X target coverage for reads.
We obtained 384,692 total reads with an average length of 148 bp (56,755,616 total bases).
Genome assembly was carried out using SPADES version 3.11.0 (7), which produced 524
contigs, with an N50 value of 11,660 bp (range: 2,500 – 51,540 bp) and a total assembled
size of 4,709,175 bp. The G+C content was 63.81%. Assembly quality using BUSCO (8)
revealed a measured completeness (39 single copy BUSCO’s, one duplicate BUSCO) of
97.5%. Genome completeness and contamination were confirmed using CheckM (9),
available on the Kbase website (10), reported a 96.02% completeness and a 2.383%
contamination. Contigs were annotated using the Galaxy platform (11) and confirmed by
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PATRIC 3.5.28 (12) and RAST 2.0 (13), which identified in total 5,013 genes, 4,967
protein-coding genes, 2 rRNA operons, and 44 tRNA genes.
Using the AAI profiler (14,15) average amino acid identity between genomes which
showed the highest similarity and genome relatedness was found to be between
Herbaspirillum sp. K1R23-30, Noviherbaspirillum sp. Root189, Noviherbaspirillum
denitrificans at AAI values of 77.50%, 77.60%, 77.60%. Submission of strain M1 to the
GTDB-Tk database (16), available on Kbase,

yielded the highest match to

Noviherbaspirillum autotrophicum (17) at 80.27%.A bootstrap value of 87% suggests there
are significant differences in the 16S rRNA gene between M1 and AB542397.

Data availability.
The genome sequence of M1 has been deposited at DDBJ/EMBL/GenBank
(https://www.ncbi.nlm.nih.gov/bioproject/PRJNA529104) under the BioProject number
PRJNA529104, BioSample number: SAMN11257890, accession number: SPQI00000000
and

the

Sequence

Read

Archive

number

SRX6368260

(https://www.ncbi.nlm.nih.gov/sra/?term=SRX6368260).
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Abstract
From farmed corn soil in California, we isolated and sequenced a new member of the Genus
Massilia: Massilia arenosa sp. Nov. (MC02). Massilia arenosa has an assembled draft
genome of 5,023,356 bp, with a total of 4,790 protein-encoding genes and 3,028 predicted
proteins, 47 tRNA genes and 2 rRNA genes.

Announcement
The first species within the Genus Massilia, Family Oxalobacteraceae was isolated from
clinical samples [232]. Since then, Massilia has been isolated from plant tissues [233],
water [234], air [235], and ice cores [236], but most commonly from soils [237]. More
recently, Massilia has been shown to be abundant in the plant rhizosphere and to colonize
roots [238, 239]. Some species have plant growth-promoting capabilities such as the ability
to produce IAA [240], or siderophores, and show activities of enzymes involved in soil
carbon and nitrogen cycles [241]. Massilia is the most species-rich genus of
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Oxalobacteraceae and consists mainly of Gram-negative, aerobic, nonspore-forming,
motile rods.
Massilia arenosa (MC02) was isolated from a rhizosphere sample collected from a maize
field with sandy loam soil in California on May 22, 2015. The geographical coordinates
are 37.6058, -120.7478. The culture was isolated on R2A medium at 30°C. Genomic DNA
was prepared using the Agencourt Genfind v2 kit (Beckman Coulter Life Sciences,
Indianapolis, IN) and the gDNA extraction protocol. The genomic library was prepared
with Illumina Nextera (San Diego, CA), size selected to an average fragment length of 475
bp and sequenced using Illumina NextSeq paired-end v2 Chemistry on v2.5 flowcells at
150 bp per read. A target coverage of 20X was used, and the genome was assembled using
SPAdes 3.11.0 [242].
We obtained 1,566,408 total reads, with an average read length of 148 bp. The total read
length was 231,096,882 bp, and there were 275 contigs with a N50 value of 28,267 (range:
1,074 – 119,695 bp) and an L50 value of 49. The genome length was 5,023,356 bp with a
GC content of 66.2%. Assembly quality using BUSCO (12) revealed a measured
completeness of 95%. Gene prediction and annotation using PATRIC 3.5.27 [243] resulted
in a total of 4,790 protein coding sequences consisting of 1,762 hypothetical proteins and
3,028 proteins with functional assignments, 47 tRNA genes and 2 rRNA genes.
Using Galaxy [244], several genes with putative plant growth promoting characteristics
were identified, such as a nitrate reductase gene (napA), several phosphatase genes (ppk,
phoA, phoB, phoD, phoR), and biotin biosynthesis genes (BioA, BioB, BioD, BioF). Using
RAST 2.0 [245], we identified 48 putative virulence genes, including 34 genes indicating
a resistance to antibiotics and toxic compounds, 14 genes putatively involved in invasion
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and intracellular resistance, and 26 genes responsible for flagellar motility. Invasion and
flagella genes are essential for attaching and entering plant cells (16), what suggests that
MC02 is a plant endophyte.
MiGA [246] revealed the closest related strain from the NCBI database is Massilia
armeniaca NZ CP028324 with an amino acid identity (AAI) of 67.37%. According to
MiGA, the p-values for taxonomic novelty were 0.48 on the genus level and 0.00847 on
the species level. When comparing MC02 to the four closest full genomes, genome-togenome-distance-calculations (GGDC) [247] show a 0% DDH probability for all four
genomes. Based on our MiGA and GGDC results, MC02 is a new species within the
Massilia genus, and was named Massilia arenosa sp. Nov.

Data availability.

The complete genome sequence has been deposited in NCBI/GenBank under BioProject
number PRJNA529270, BioSample number SAMN11263498, and accession number
SPVF00000000.
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Abstract
A Gram negative, rod-shaped bacterium, strain DN04, was isolated from the soil of a maize
field in North Carolina, USA. Based on the 16S rRNA, the most similar Duganella species
are D. sacchari Sac-22, D. ginsengisoli DCY83, and D. radicis Sac-41 (98.82, 97.57, 97.49
% sequence identity, respectively). We compared the chemotaxonomic phenotype of DN04
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to Duganella zoogloeoides and other reference strains from different genera within the
Oxalobacteraceae and while the chemotaxonomic profile of DN04 is most similar to

Duganella zoogloeoides and other Massilia strains, there are also distinct differences. In
contrast to the other strains, DN04 can utilize for example D-turanose, N-acetyl-Dglucosamine, inosine, and L-pyroglutamic acid. We also applied whole genome
sequencing to determine if DN04 is a novel species. The most similar AAI (average amino
acid identity) score was 68.93%, and the most similar ANI (average nucleotide identity)
score was 83.79% which indicates that DN04 is a new species. The genome-to-genomedistance calculation (GGDC) revealed a DDH of 27.1 to Duganella sacchari Sac-22, that
is much lower than the new species threshold. Based on the morphological, phenotypic,
and genomic differences, we propose Duganella callidus sp. nov. DN04 as a novel species
within the Duganella genus.
Introduction
As our non-culture dependent identification methods and sequencing technologies
improve, additional beneficial soil microorganisms are being taxonomically identified [1,
2]. For the development of novel technologies with the potential to improve plant and soil
health, and environmental sustainability of agriculture, it is crucial to expand our
knowledge about the microorganisms that colonize the rhizosphere and phyllosphere of
plants [3].
The family Oxalobacteraceae is classified in the order Burkholderiales, class
Betaproteobacteria, and the phylum Proteobacteria [4]. Oxalobacteraceae are Gramnegative, non-spore forming, heterotrophic bacteria, and the majority of the members of
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this family are mesophilic and aerobic or microaerobic [5]. The morphological forms of
the bacteria within this family are variable, ranging from rods, curved rods, to vibrio- or
spirillum-like shapes. The family Oxalobacteraceae consists of a very metabolically,
ecologically, and phenotypically diverse group of bacteria [6].
The first member of the Duganella genus was isolated from waste water in 1968, and first
classified as Zoogloea ramigera [7]. However in 1997, after 16S rRNA sequencing and
additional phenotypic and phylogenetic analysis, Zoogloea ramigera was reclassified as a
new genus in the Oxalobacteraceae family, and renamed Duganella zoogloeoides [8]. The
new genus was named Duganella after Dugan, the original microbiologist who isolated the
first species [8]. Since the initial formation of the Duganella genus in 1997, five additional
species were added to the genus. D. violaceinigra was isolated from forest soil [9], D.
phyllosphaerae from a Trifolium repens leaf surface [10], D. sacchari and D. radicis were
both isolated from the rhizosphere of sugar cane [11], and D. ginsengisoli was isolated
from ginseng soil [12].
Duganella are Gram-negative, straight or curved rods, aerobic, motile, non-spore forming,
mesophilic bacteria [13]. Duganella have close genetic similarities with bacteria from the
genera Massilia, Janthinobacterium, Pseudoduganella, and Telluria [5, 6, 14]. Most
Duganella species produce violacein, a bisindole. Violacein is an indole-derived purplecolored natural pigment that is produced by different bacterial species with commercial
application potential due to its antibacterial [15], antiviral [16], anti-protozoan[17], and
anti-cancer [18] properties. Some Duganella species have also plant-growth promoting
characteristics, and can solubilize phosphorus, potassium, and zinc in soils [19]. Several
strains of Duganella are able to suppress the plant pathogen Fusarium graminearum, due
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to their amylolytic, lipolytic, and chitinoclastic activities [20]. Duganella species can also
contribute to the biogeochemical cycling of selenium (Se) and can convert toxic selenite
into non-toxic Se nanoparticles in soils [21].

Isolation
Duganella callidus DN04 was isolated from a maize field in North Carolina on June 9th,
2016. The soil pH was 5.8 and the geographical coordinates of the isolation were 36.1034,
-78.4114. The bacterium was isolated by adding soil to 1X phosphate-buffered saline, and
plating dilutions on Reasoner's 2A (R2A) medium, followed by an incubation first at 30°C
for 1-2 days, and then at 20°C for 1-2 days. Colonies were transferred to new R2A plates
to acquire a pure colony. The pure colonies were transferred to R2A broth and grown at
30°C for 24 h and transferred to 20% glycerol solution for storage at 80°C for future testing.
Morphology
Duganella callidus DN04 was grown on R2A at 25°C for 3 days, and then the form,
elevation, and margin of individual colonies was determined, and a Gram strain was
performed [22]. Colonies of DN04 have a circular form, the elevation is flat, and the
margins are entire, yellow-colored and opaque in appearance (Figure 11.1A). The bacteria
are Gram-negative rods that are arranged in singles and doubles (Figure 11.2). Based on
16S rRNA BLAST results, the two most similar bacterial strains, that were available in
culture collections, were selected for morphological comparisons to DN04 (Figure 11.1A).
In contrast to DN04, the colonies of Massilia albidiflava 45 [270] have a diameter of 1.01.5 mm and are circular, convex with entire margins, desiccated texture, opaque and pale
yellow in color (Figure 1B). Duganella zoogloeoides IAM 12670 23] colonies have a
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viscous appearance, desiccated texture, convex with entire margins, are slightly
transparent, and cream colored (Figure 11.1C). Compared to these reference strains, the
colonies of DN04 were more opaque and yellow in appearance, and the texture was
creamier, compared to the viscous pale yellow and desiccated morphologies of the M.
albidiflava and D. zoogloeoides colonies.
16S RNA phylogeny
The genomic DNA of DN04 was extracted from a freshly grown R2A broth culture by
using the AllPrep Bacterial DNA/RNA/Protein Kit (QIAGEN Inc., Germantown, MD)
following the kit protocol. Illumina Nextera (San Diego, CA) was used to prepare the
genomic library, with an average selected size of 475 bp in fragment length. They were
sequenced using the (Illumina) NextSeq paired-end v2 Chemistry on v2.5 Flowcells at 150
bp per read. Default parameters were used for all software unless otherwise specified.
Samples were sequenced to target a coverage of 20X, and the genome was assembled using
Spades 3.13.0 [24]. Assembly quality assessment using BUSCO [25] revealed a measured
completeness (40 single copy BUSCO’s) of 100%. PATRIC 3.5.28 [26] and the Galaxy
platforms 19.05 [27] were used for genome annotation.
After genome assembly and annotation, the 16S rRNA contig was used to identify the
closest related species from the NCBI Basic Local Alignment Search Tool (BLAST)
nucleotide database [28]. We used MEGA7 7.0.26 [29] and the Maximum Likelihood
statistical method, with 1000 bootstrap replications, and a partial deletion with a 95%
coverage cut-off to create a phylogenetic tree from the most similar sequences to DN04
and the most similar additional genera from the Oxalobacteraceae family. Burkholderia
metallica R-16017 was used to root the phylogenetic tree. To align the sequences, the
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default settings of the MUSCEL method [30] were applied. Based on the 16S rRNA tree
D. callidus DN04 and D. sacchari strain Sac-22 share a common ancestor, and D.
ginsengisoli strain DCY83 is the second closest related strain (Figure 11.3). When
conducting a BLAST of the 16S rRNA, D. callidus shares a 98.8% sequence identity with
D. sacchari Sac-22, and a 97.6% identity with D. ginsengisoli DCY83.

Physiology and Chemotaxonomy
The Biolog Gen III MicroPlate test system (Biolog, Hayward, CA, USA) was used to
compare the chemotaxonomic phenotype of DN04 with reference strains within the
Oxalobacteraceae. The 15 reference strains were selected based on their 16S rRNA
sequence similarity to DN04 and their availability in culture collections and represented a
broad spectrum of genera within the Oxalobacteraceae family. We compared DN04 to one
strain of the genera, Collimonas, Herminiimonas, Janthinobacterium, Duganella,
Undibacterium,

Oxalicibacterium,

Telluria,

Glaciimonas,

Herbaspirillum,

and

Noviherbaspirillum, and five different Massilia strains. The cultures were acquired from
the American Type Culture Collection (ATCC, Manassas, USA), Leibniz Institute DSMZ
– German Collection of Microorganisms and Cell Cultures (Braunscheig, Germany) or the
VTT Technical Research Centre of Finland (VTT, Finland). The selected isolates are listed
in Table S1 (supplementary material), with their corresponding accession number and
supplier information. The 96-well plate of the Biolog Gen III system contains a positive
and negative control, 23 chemical sensitivity assays, and 71 carbon source utilization
assays. All the cultures were tested in accordance with the Biolog Gen III manufacturer
manual [31]. Plates were inoculated with the appropriate inoculation fluid (see

207
Supplementary Table S2), and incubated for 120 h at 30°C. The plates were analyzed using
the Biolog’s Microbial Identification Systems software (e.g.OmniLog® Data Collection).

A nonmetric multi-dimensional scaling (MDS) plot was created to visualize the Biolog
results. The “+”, “-”, “+/-” results were converted into the numerical form 2, 0, 1,
respectively. R-studio was used to create the nonmetric MDS plot [32] (Figure 11.4).
According to this analysis, DN04 is most closely related to Duganella zoogloeoides IAM
12670, Massilia dura 16, and M. albidiflava 45, and to other representatives of the Massilia
genus. However, there are also distinct differences in the chemotaxonomic phenotype of
DN04 and three of the closest relatives Duganella zoogloeoides IAM 12670, Massilia
umbonata LP01, and Massilia albidiflava 45 (Table 11.1). D. callidus DN04 is for example
able to utilize carbon and nitrogen sources such as D-turanose, N-acetyl-D-glucosamine,
inosine, and L-pyroglutamic acid that two or all three of the most similar isolates were
unable to metabolize. N-acetyl-D-glucosamine degradation through N-acetyl-Dglucosamine kinase (nagK) plays a role in cell wall murein recycling [33], and we
identified in the genome of DN04 the genes nagK_1-3. The genome of DN04 also shows
putative inosine-5’-monophosphate dehydrogenase (guaB_1-4) genes which play a role in
inosine utilization. Inosine phosphate is converted to xanthosine monophosphate by the
guaB enzyme, which is essential for the purine nucleotide biosynthetic pathway [34]. The
genome

of

DN04

also

contains

a

putative

glutathione-specific

gamma-

glutamylcyclotransferase gene (chaC) which is one component of the glutathione
metabolization pathway. The protein is involved in the synthesis and break down of
glutathione with L-pyroglutamic as an intermediate component [35]. In contrast, D.
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callidus was unable to utilize several carbon and amino acid sources that two or all three
of the reference strains were able to utilize, such as L-fucose, glycerol, L-alanine, pectin,
and α-keto-glutaric acid (Table 11.1). In addition to these chemotaxonomic differences,
DN04 differed from the reference strains in its sensitivity testing. DN04 was not able to
grow in the presence of the oxidant tetrazolium blue, and the antibiotics lincomycin
(inhibition of bacterial protein biosynthesis through binding to the 50S ribosomal subunit)
and aztreonam (inhibition of peptidoglycan crosslinking during bacterial cell wall
biosynthesis) (Table 11.1).

MALDI-TOF
Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDITOF MS) allows to identify bacteria based on their peptide mass fingerprint and to compare
their profile to a bacterial peptide pattern database [36]. The MALDI-TOF MS analysis
was carried out with the Bruker microflex instrument equipped with flexControl v3.4
(Bruker Daltonics Inc., Billerica, MA). Spectra were attained using the direct transfer
protocol recommended by the manufacturer, and FlexAnalysis v3.4 software was used for
the spectral analysis. DN04 cells were prepared by growing the colonies overnight on R2A
medium, and then the cells were spread on a polished steel target plate and treated with
formic acid. They were then applied to the matrix consisting of α-cyano-4
hydroxycinnamic acid (HCCA). After the plates had dried, the spectra were collected and
analyzed using the flexControl v3.4 software over a 2 to 20 kDa range. The analysis was
repeated twice to verify the reproducibility of the peptide spectra.
The spectra were compared to a reference spectra database to calculate strain similarity
scores based on the log of the spectra score. The log scores values for species
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discrimination, recommended by the manufacturer, were applied, ≤ 1.699 no reliable
identification, 1.7 – 1.999 probable identification on the genus level, 2.0 – 2.299 reliable
genus identification, probable species identification, ≤ 2.3 secure genus and species
identification. We compared the spectrum of DN04 against itself as a control, against the
MALDI-TOF database, and against the reference strains (Supplementary Table S1). The
peptide fingerprint of DN04 is most closely related to Acinetobacter towneri DSM 1496T
HAM, but with a similarity score of 1.44, it is much lower than necessary for a reliable
identification of DN04.
Genome Features
Genomic DNA was sequenced as previously described and assembled using SPAdes 3.11.0
[24]. Initial genome annotation was performed with the PATRIC platform and confirmed
with RAST [26, 37]. According to this pipeline, the genome length of Duganella callidus
DN04 was 6,562,230 bp. The sequencing data resulted in a total of 11,788,390 reads, with
a total read length of 1,738,895,421 bp, and an average length of 148 bp. This produced
281 contigs, with a N50 value of 40,161 (range: 671 to 141,855 bp), a L50 value of 49, and
a GC content of 64.4%. After annotation we identified a total of 6,039 protein coding
sequences with 2,150 hypothetical genes, and 3,889 genes that could be functionally
assigned. In the genome of DN04 48 tRNA genes, 4 rRNA genes, and 43 antibiotic
resistance genes were identified [38].
We used the prokaryotic pipeline of MiGA to determine taxonomic ranking and novelty
[39]. MiGA uses average amino acid identities (AAI) to identify the closest related strains
in the NCBI database. Based on AAI, DN04 is most closely related to Janthinobacterium
sp. 1 2014 MBL MicDiv NZ CP011319 and Janthinobacterium sp. LM6 NZ CP019510
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with an AAI of 68.93% and 68.82%, respectively. This is consistent with the finding that
Janthinobacterium sp. HH01 was most similar to a member of the genus Duganella [14].
These AAI values are just above the novel genus cutoff value of 65%. Since
Janthinobacterium sp. 1 2014 MBL MicDiv NZ CP011319 had the highest AAI score it
was used as the reference sequence for the p-value comparisons in Table 11.2. The
taxonomic novelty estimates p-values of the probability to get an AAI value less than or
equal to the query AAI value. The low p-value of 0.00924 for the species level suggests
that D. callidus DN04 is a novel species of the Oxalobacteraceae family (Table 11.2).
To confirm this analysis, we also used average nucleotide identity by Orthology
(OrthoANI) that uses the original average nucleotide identity (ANI) algorithm but expands
it to also evaluate the reciprocal best hits. The genomes of interest are first divided into
1020 bp-long fragments and OrthoANI identifies the reciprocal best hits (orthologous
relationship) by running reciprocal BLASTn searches with each fragment [40] and
compares the sequences using EzBioCloud [41]. The cutoff boundary for a new bacterial
species using OrthoANI on EzBioCloud is ~95-96% [42]. The OrthoANI values of the six
closed related species to DN04 using NCBI BLASTn are shown in Table 3. All six of the
closest related species have an OrthoANI value lower than the 95-96% novel species
threshold value. The two highest OrthoANI values correspond to Duganella sacchari
Sac22 [11] and Duganella sp. HH101 with values of 83.79% and 82.92% respectively.
Based on these results DN04 most likely belongs to the Duganella genus but is a novel
species within this genus.
This is also confirmed by an evaluation with the genome-to-genome distance-calculator
(GGDC) which allows to measure intergenomic distance, much like the traditional wet-lab
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DNA-DNA hybridization (DDH) values [43]. GGDC values are based on the intergenomic
distance between D. callidus DN04 and eight of the most similar full genomes in the NCBI
BLAST database based on the 16S rRNA contig. GGDC produces three different formulas
for calculating intergenomic distances, and the results of formula 2 are shown in Table 4.
Formula 2 is calculated by taking the sum of all identities found in high-scoring segment
pairs (HSPs) divided by overall HSP length, and it is the most robust formulation because
it is independent of genome length [44]. Table 4 results show that all 8 of the genomes had
a DDH probability lower than the 70% threshold which confirms that DN04 is a member
of a new species. This is also enforced by the model confidence intervals, as well as the
G+C differences that are close to or greater than 1 for most of the reference genomes [45].
The closest related genomes to DN04 based on the GGDC distance calculation from
formula 2 are: D. sacchari Sac-22, D. phyllosphaerae T54 DUPY, and D. zoogloeoides
ATCC 25935.
The Galaxy 19.05 platform was used to annotate and identify individual genes [27]. DN04
has several putative plant-growth promoting genes including genes used to catalyze the
decomposition of hydrogen peroxide (katE), urease biosynthesis (ureA-G), biofilm
production (bdcA, and wspC), biotin synthesis (bioA-D, bioF), and several phosphorus
regulatory genes (phoR, phoB, phoD, pstS,C,A,B, phoU, ppK). Using RAST 2.0 [37], we
also identified 60 putative virulence genes, including 45 antibiotic and toxic compound
resistance genes. DN04 has 15 invasion and intracellular resistance genes, and 109 flagella
motility genes. Due to the flagella genes and the invasion/intracellular resistance genes,
Duganella callidus DN04 is a potential plant endophyte [46].

212
Proposal of Duganella Callidus sp. nov. DN04T
Based on the morphological, phenotypic, and genomic differences that were identified, we
propose DN04 as a novel species of the Duganella genus. The colonies of DN04 on R2A
media differ in their color and texture from the colonies of D. zoogloeoides, and Massilia
albidiflava, two close relatives of DN04 based on their 16S rRNA sequence (Figure 11.1).
The Biolog Gen III results indicate that the chemotaxonomic phenotype of DN04 is most
similar to D. zoogloeoides, M. albidiflava, and M. umbonata. However, the
chemotaxonomic phenotype of DN04 also shows distinct differences from these reference
isolates (Table 1), that are supported by the genome annotation. The phylogenetic tree
shows that DN04 is most closely related to D. sacchari Sac-22. The low score of the
MALDI-TOF analysis, also indicates that D. callidus is a novel isolate, and is not closely
related to any other bacterial species in the database. The AAI taxonomic novelty p-value
of 0.00924 demonstrates that DN04 is distinctly different on a species level from other
bacterial genomes in the NCBI database. According to the OrthoANI calculation, the
closest related genome sequence is D. sacchari Sac-22, but the similarity score of 83.79%
is below the 95% new species threshold. When the genome of DN04 and D. sacchari Sac22 are compared by GGDC, the DDH value is 27.1, the distance value is 0.1593, the GC
difference is above 1, and the probability that the two genomes would have a DDH below
the new species threshold is only 0.03%. Together these analyses indicate that DN04 is a
novel species in the Duganella genus.
Description of Duganella callidus sp. nov. DN04
Duganella callidus sp. nov. [kal.li.dus adj. meaning clever/cunning, since it was initially
not depicted as a single genus but rather several, until in depth analyses revealed its
placement within the Duganella genus] Duganella callidus DN04 was isolated from a
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maize field in North Carolina, U.S.A. After growth on R2A at 25°C for 3 days, its colony
morphology is circular, flat, margins are entire, yellow colored and opaque in appearance.
The cells are Gram-negative rods and arranged in singles or doubles. It grows on R2A
media, with a temperature range of 21-30°C. Based on the Biolog results, it can grow at
pH 6, but it does not grow at a pH of 5 or lower or a salt concentration of 1% or higher.
DN04 metabolizes a variety of carbon sources, such as dextrin, D-maltose, D-trehalose, Dcellobiose, gentiobiose, D-turanose, a-D-lactose, D-salicin, N-acetyl-D-glucosamine, Nacetyl-D-galactosamine, a-D-glucose, D-mannose, D-fructose, D-galactose, L-rhamnose,
and inosine. D. callidus can assimilate various nitrogen sources, such as gelatin, glycyl-Lproline, L-glutamic acid, L-histidine, and L-pryoglutamic acid. DN04 does not seem to be
resistant to many antibiotics. D. callidus has several putative endophytic and plant-growth
promoting genes; katE (decomposition of hydrogen peroxide), ureA-G (urease
biosynthesis), bdcA, and wspC (biofilm production), phoR, phoB, phoD, pstS,C,A,B, phoU,
ppK (phosphorus regulatory genes), as well as 60 putative virulence genes, 45 antibiotic
and toxic compound resistance genes, 15 invasion and intracellular resistance genes, and
109 flagella motility genes. The genome is 6.56 Mbp and the GC content is 64.4%.
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Figure Legends

Figure 11.1. Colony morphology of Duganella callidus and close
relatives after growth for 3 days at 30°C on R2A media grown A)
Duganella callidus DN04T, B) Massilia albidiflava 45, C)
Duganella zoogloeoides IAM 12670. The scale bar represents 10
mm.

Figure 11.2. Microscopic image of Duganella callidus DN04 after
Gram-strain. The scale bar represents 10 µm.
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Figure 11.3. Maximum-likelihood phylogenetic tree created using MEGA 7 based on the most similar 16S rRNA gene
sequence analysis using DN04 as the query sequence. The numbers at the nodes indicate bootstrap percentages
(based on 1000 replications). Bootstrap values above 50% are shown at the nods. Scale bar indicates 0.010
nucleotide exchanges per nucleotide positions. Burkholderia metallica R-16017 was used to root the tree.

Figure 11.4. Non-metric multidimensional scaling plot based on the Biolog results of DN04
and similar genera from a 16S rRNA BLAST and availability in culture collections. The isolate
information is available in the supplementary Table S1.
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Tables

Table 11.1. Differences in the Biolog results between the proposed novel species Duganella callidus DN04, and the
three reference strains Duganella zoogloeoides IAM 12670, Massilia albidiflava 45, Massilia umbonata LP01. All plates
were incubated for four days, and the growth medium and inoculation fluid are given in the Supplementary Table 2.

D-Turanose
N-Acetyl-Dglucosamine
L-Fucose
Inosine
Glycerol
L-Alanine
L-Pyroglutamic
acid
Pectin
α-Keto-glutaric
Acid

+

Duganella
zoogloeoides
ATCC 25935
Utilization of:
-

+
+
-

±
+
+
+

+
+
+

+
+
+

+
-

+

+
+

+

-

+

+

Tetrazolium blue
Lincomycin
Aztreonam

-

±
Resistance to:
±
+
+

+
+
+

+
+
+

Biochemical Test
Description

Duganella
callidus
DN04

Massilia
albidiflava
DSMZ 17472

Massilia
umbonata
DSMZ 26121

-

-

Table 11.2. Taxonomic classification and novelty based on p-values of sequence AAI comparisons using the MiGA tool
with Duganella callidus DN04 as the query and Janthinobacterium sp. 1 2014 MBL MicDiv NZ CP011319 as the
reference sequence.

Taxonomic classification Taxonomic novelty
p-value
p-value
Order
0.000
0.875
Family
0.000
0.739
Genus
0.111
0.519
Species
0.374
0.00924
Subspecies
0.422
0
Taxonym
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Table 11.3. OrthoANI values from EZBioCloud of six genetically similar strains compared to Duganella callidus DN04.

Isolate
Duganella sacchari Sac22
Duganella sp. HH101
Massilia sp. NR4 -1
Massilia armeniaca ZMN-3
Janthinobacterium sp. 1-2014MBL
MicDiv
Massilia violaceinigra B2

OrthoANI value (%)
83.79
82.92
78.73
77.94
77.22
76.94

Table 11.4. GGDC values based on DN04 as the query, compared to the six most genetically similar reference genomes
based on the DN04 16S rRNA gene. Formula 2 is shown

Reference genome

DDH

Duganella sacchari Sac22 (GCA_900143065)
Duganella
phyllosphaerae T54
DUPY
(GCA_001758785)
Duganella zoogloeoides
ATCC 25935
(GCA_000383895)
Massilia albidiflava
DSM 17472
(GCA_004322755)
Janthinobacterium sp.12014MBL MicDiv
(GCA_001865675)
Massilia umbonata
DSMZ 26121
(GCA_005280315)
Janthinobacterium
agaricidamnosum
BHSEK
(GCA_003667705)
Massilia violaceinigra
B2 (GCA_002752675)

Model C.I.

Distance

Prob. DDH
>= 70%

G+C difference

27.1

[24.8 29.6%]

0.1593

0.03

2.74

23.9

[21.6 26.4%]

0.1828

0

1.19

23.1

[20.8 25.5%]

0.1895

0

0.3

21.5

[19.3 23.9%]

0.2041

0

1.36

21.4

[19.2 23.9%]

0.2048

0

0.79

21.4

[19.1 23.8%]

0.2056

0

0.9

21.3

[19.1 23.8%]

0.2059

0

1.54

20.9

[18.7 23.3%]

0.2102

0

0.91
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Abstract
A novel member of the Massilia genus was isolated from garden soil in North Carolina, was
designated strain ONC3. Using complete 16S rRNA sequences a phylogenetic analysis was
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performed and using whole genome sequencing was used to perform a full genome analysis. The
results supported ONC3 being a novel species of the genus Massilia. Close family members
when comparing 16S rRNA are: Massilia solisilvae J18, Massilia terrae J11 and Massilia
agilis J9 (97.80, 97.72 and 97.25 percent identity, respectively). Chemotaxonomic testing
using the Biolog Gen III microplates, showed the ONC3 did cluster with two other type
strains: Noviherbaspirillum sperare M1 and Massilia arenosa MC02. Average
nucleotide identity showed that the most similar ANI value belonged to Massilia sp.
WG5 at an ANI value of 79.3%. Average amino acid index (AAI) genome comparison
revealed that an unknown Massilia species, had an AAI of 78.20%. The GenomeGenome distance calculator (GGDC) showed a 0% DNA-DNA hybridization greater than
or equal to 70. When comparing to the GTDB-Tk database, strain ONC3 was classified in
the Massilia genus and was most similar to Massilia sp. 0035203 based on genome
comparison. The results from chemotaxonomic, phylogenetic, genome and physiological
analysis, show that ONC3 should be considered a novel species of Massilia and the name
of Massilia hortus sp. nov. strain ONC3 is proposed.
Introduction
The genus of Massilia belongs to the family Oxalobacteraceae and the class of
Betaproteobacteria, and consists of 26 species of bacteria [1]. The members of this genus
are Gram-negative, aerobic rods that are motile [2]. The motility originates from the
presence of a polar flagellum, but species with flagella on the lateral sides of the cell have
also been described [3]. The first member of the genus, Massilia timonae was originally
isolated from human blood samples [4], but members of the Massilia genus have also been
isolated from various environmental sources such as air, soils, aerosols, freshwater, the
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rhizosphere and plant roots [5]. In the rhizosphere of soybean plants, Massilia species can
account for 6% of the bacterial community [6].
Some Massilia species have plant-growth promoting capabilities and for example
solubilize phosphate in actively farmed and fertilized soils [7]. Massilia species that are
able to produce indole-3-acetic acid have also been isolated from zinc and lead
contaminated soils and could potentially be used to improve the establishment of plants in
contaminated soils and reclamation projects [8]. A species of Massilia, M. niastensis P87,
when used in combination with another rhizobacteria, Streptomyces cosaricanus RP92, has
been shown to promote plant growth in French marigolds grown under chemical zinc and
polycyclic aromatic hydrocarbons. Increase of shoot growth up to 2.4 fold and root growth
up to 3.4 fold of biomass was recorded [9]. Massilia have also been recorded to show
growth promoting capabilities in the rhizosphere of basket willow shrubs, which had the
ability to hydrolyze tributyrin with lipases. Increased lipase activity such as this can
contribute to increased nitrogen nutrition to plants and has been shown to also degrade
organic soil pollutants [10].
Isolation and Ecology
ONC3 was isolated from unplanted garden soil with a pH of 5.2 near the town of Maxton
(North Carolina, USA; 34.6494, -79.4327). The environment of the sampling area has a
mean annual precipitation of 38-55 inches and has a mean annual air temperature of 5970°F. The soil type is predominately a loamy sand soil [8, 9]. The soil was first
suspended in a phosphate buffered saline solution, and after plating an aliquot of the
mixture onto soil extract medium (Reasoner´s 2A agar -R2A), the cells were streaked to
isolate single cell colonies and grown at 30°C [11]. After colony isolation, ONC3 was
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cultured and maintained on R2A agar at 30°C [12]. Single cell isolation was repeated
several times to confirm the purity of the isolate which was then transferred to a 20%
glycerol solution and stored at -80°C for downstream processing [13].
Phenotypic Characterization
The cells of Masillia hortus sp. nov. strain ONC3 are Gram-negative rods and show a chain
like cellular arrangement. When cultured on R2A medium, ONC3 forms light brown,
circular, flat colonies. We performed a chemotaxonomic characterization by comparing
ONC3 to five reference strains from the Massilia genus, and 13 reference strains from
different genera within the Oxalobacteraceae family (Table 12.1). The reference strains
were selected based on a 16S rRNA BLAST search and were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA) or the Leibniz Institute DSMZ –
German Collection of Microorganisms and Cell Cultures (DMSZ, Braunscheig, Germany).
The strains were cultured on the respective culture media recommended by the culture
collection (R2A or Tryptic Soy Agar - TSA, see also Table 12.1) and were then
chemotaxonomically characterized using the Gen III Microlog System (Biolog, Hayward,
CA ,USA) which utilizes a 96-well plate that contains 94 phenotypic tests; 71 substrate
utilization tests and 23 chemical sensitivity tests [14]. For the Microlog analysis, the strains
were briefly grown on the required media for 2 days at 30°C, and then transferred into an
inoculation fluid that was supplied with the Biolog plates and then standardized to an
optical density of 98%. This solution was then deposited in 100 µL increments into the
wells of the plate which was then incubated for 4 days. The plates were then read, and the
results were entered into the Microlog system as follows: + for positive, - for a negative,
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and +/- for a borderline result (Table S1), and then converted into the number values 2, 0,
or 1, respectively.
The number results were processed in R-studio [15] to generate a non-metric
multidimensional scaling plot and to observe any clustering of the bacterial strains (Fig.
12.1). Based on similar its chemotaxonomic profile, ONC3 was positioned closest to
Noviherbaspirillum sperare M1 and Massilia arenosa MC02 [16]. The chemotaxonomic
profiles of the Massilia species that were tested, M. albidiflava 45, M. umbonata LP01, M.
aerilata 5516S-11, and M. alkalitolerans YIM, M. dura 16, are very diverse, and from
these only the profiles of M. dura 16 and M. aerilata 5516S-11, and Massilia arenosa
MC02, show similarities to ONC3. This diversity within the Massilia genus has also
previously been described, and only certain species of Massilia can for example utilize
histidine, and an even a lower number of Massilia species can use histidine to produce
Violacein, an antibacterial and cancer agent and gives bacteria a purple pigment [17-19],
of which strain ONC3 is not a species that produces violacein.

ONC3 has a unique Biolog profile when comparing to reference strains in the genus of
Massilia. ONC3 does not utilize any hexose acids. In contrast, all other reference Massilia
strains utilized at least 2, if not more hexose acids. ONC3 also utilizes very few simple
sugars, using only 7 out of the 26 available sugars on the Microlog plate. Certain species
of Massilia, such as M. aurea AP13, similarly to ONC3, do not ferment various sugar
sources, while the vast majority of Massilia species do utilize multiple sugar substrates
[20].
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MALDI-TOF
Matrix-assisted laser desorption/ionization time of flight mass spectroscopy (MALDI-TOF
MS) was performed by Novozymes A/S (North Carolina, North America). MALDI-TOF
can rapidly characterize microorganisms by analyzing the peptide mass fingerprint of the
bacterial isolate [21-23]. MALDI-TOF was carried out on a Bruker microflex instrument
(Bruker Daltonics Inc., Billerica, MA). Spectra were obtained using the direct transfer
protocol supplied by the manufacturer. Colonies of each species were grown up overnight
in R2A. ONC3 cells, including a bacterial test standard, were spread on a polished steel
target plate, and treated with formic acid before the ɑ-cyano-4-hydroxycinnamic acid
(HCCA) matrix was applied. The plates were dried, and spectra were collected using the
flexControl v3.4 software over a 2 to 20 kDa range. The analysis was repeated twice to
verify the reproducibility of the peptide spectra.
Spectra were obtained for strain ONC3 (Fig 12.2) and compared to a database of reference
spectra and to spectra of the other reference strains (Table 12.1). The flexAnalysis software
calculates a similarity score for the spectra, and the log of this score is used to estimate the
strain similarity. Generally, a score ≥ 2.3 is considered to be a match at the species level, 2
to 2.999 a match at the genus level, 1.7 to 2 a probable genus level match, and scores ≤
1.699 are regarded as unreliable [24]. The low identity score of < 1.699 to any of the strains
that are currently in the database, including other Massilia strains, does not provide a
reliable identification of ONC3 at the genus or species level. Compared to the other
reference strains, the peptide fingerprint of ONC3 was most closely related to Duganella
zoogloeoides, and then to Telluria mixta and the other Massilia strains, M. aerilata 5516S11, M. dura 16, M. albidiflava 45, and M. umbonata LP01 (Fig 12.2).
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DNA Isolation and Sequencing
To extract bacterial genomic DNA, the Agencourt Genfind v2 (Beckman Coulter Life
Sciences, Indianapolis, IN) kit and the protocol for the gDNA extraction from bacterial
colonies was used. The genomic library was prepared using the Illumina Nextera
platform (San Diego, CA), and sequencing was performed using the NextSeq paired end
v2 Chemistry on v2.5 Flowcells at 150 bp per read, fragment length of 475 bp and target
20X coverage for reads.
After sequencing, a total of 10,528,120 reads were obtained with an average length of
147 bp and a total read length of 1,552,795,738 bp. The assembly of the genome was
carried out using SPAdes v 3.13.0 [25]. This produced 155 contigs, with an N50 value of
56,531 bp and a total assembled size of 5,622,601 bp. The G+C content of the genome
was 63.82% and reads that met quality control standards were then mapped to contigs
with an average genome coverage of 20X. The quality of the assembly was measured
using BUSCO [26]. The measure of completeness (40 single copy of BUSCO’s) for the
genome was 100%. Additional genome completeness and contamination screening were
carried out using CheckM [27], which yielded a competition percentage of 98.53% and a
contamination percentage of 4.72%, indicating a high genome completion and a low rate
of contamination. Initial annotation of the genome was achieved using the PATRIC
platform v 3.5.28 [28]. The Galaxy platform [29] and RAST 2.0 [30] were also used for
genome annotation, and according to this analysis, the genome contains 5,104 protein
coding sequences, 56 tRNA genes, and 2 rRNA operons.
After sequencing, the complete 16S rRNA sequence of ONC3 was blasted against the
NCBI BLAST database, and the top 15 similar 16S rRNA sequences were selected.
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Sequences from several Massilia species: Massilia solisilvae J18, Massilia terrae J11 and
Massilia agilis J9, were the closest species to ONC3 when comparing 16S rRNA and all
had a percent identity lower than that of the 98% threshold that is considered for novel
species [31], these values were 97.80, 97.72 and 97.25 percent identity, respectively. The
sequences as well as with all Massilia reference strains used in the phenotypic
comparison, were downloaded as FASTA files and imported into MEGA 7 [32] and
aligned by MUSCLE [33]. A best-fit DNA model was then created with the aligned
sequences and was implemented for the phylogenetic analysis. Kimura-2-gamma with
invariant sites (K2+G+I) [34-36] and bootstrapped 1,000 times with a partial deletion of a
95% coverage cutoff were the parameters that were applied to create the phylogenetic
tree (Fig. 12.3). Escherichia coli 30083 was used as an outgroup to root the phylogenetic
tree. Phylogenetic trees were then visualized in MEGA 7 and iTOL [37]. Based on its
16S rRNA sequence and the phylogenetic tree Massilia hortus ONC3 shares a common
ancestor with a branch from which all other tested 16S rRNA sequences of Massilia
species emerged.
Genome Features
The MiGA platform [38] in conjunction with the available Prokaryotic Pipeline was used
to the compare Massilia hortus ONC 3 genome to other available genomes and according
to this analysis M. hortus ONC3 belongs to the Massilia genus, but has only a low
affiliation to any other species within the genus. Using the Kbase [39, 40] website and the
GTDB-Tk module, ONC3 was classified most closely to the genus of Massilia, though
was not classified to any specific species. However, the most similar strain to ONC3 was
found to be Massilia sp. 0035203. Average nucleotide identity analysis was performed by

233
comparing ONC3 to the most similar genomes that were available and using OrthoANI
[41] to obtain ANI values (Table 12.2). The largest ANI value obtained was 79.3% which
belonged to the strain Massilia sp. WG5. However, this is a low ANI value so, average
amino acid identity will be consulted further. The Average Amino Acid Identity (AAI)
was performed using the AAI Profiler [42], set to the Uniprot database [43], between
similar genomes, the genome of M. hortus ONC3 was most closely related to an
unclassified Massilia species at an AAI value of 78.2% (Table 12.3). The Genome-toGenome-Distance Calculator was then utilized to calculate intergenomic distances and
DNA-DNA hybridization (DDH) probabilities using three different models. When the
genome of M. hortus ONC3 was compared to the 5 most similar genomes (Massilia sp.
WG5, Massilia putida 6NM-7T, Massilia oculi CCUG 4327, Massilia violaceinigra B2,
and Massilia lutea DSM 17473), the DDH values ranged for all comparisons between
17.4 and 25% (Table 12.4). Typically, a threshold of <70% DDH is applied to define a
new species [31, 44]. Based on these data, we propose to classify ONC3 as a novel
species within the Massilia genus and to name it Massilia hortus ONC3.
The Biolog results show that ONC3 can utilize histidine as a nitrogen source, whereas,
from the other Massilia strains, only Massilia albidiflava 45 was positive for histidine
utilization. The genome of ONC3 has histidine regulating genes, such as the hutH and
hutU which are a part of the HutP operon that regulate histidine utilization [45]. hutH
encodes a histidine ammonia-lyase (histidase) that is involved in the conversion of
histidine to glutamate. In the first step, histidine ammonia-lyase catalyzes the
nonoxidative elimination of the α-amino group of histidine into α-β-unsaturated transurocanate [46]. hutU encodes the enzyme urocanase that is involved in the second step
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and hydrates the urocanate into imidazolonepropionate, an intermediate molecule in the
metabolism of histidine [45]. However, ONC3 does not have the genes necessary to
produce violacein. These genes are vioABCDE [47] and does not show a purple
colorization when cultured on a plate.
The cellular fatty acid composition of strain ONC3 was determined according to the
standard gas-chromatography based procedures and analyzed using the Sherlock
Microbial Identification System (version 6.3) by MIDI Labs (DE, USA). The
predominant fatty acids were summed feature 3 (C15:0 iso 3-OH, C16:0, C17:0, C17:0 -cyclo)
(42.55%) and C16:0 (29.55%) in Table 5. Results were compared to the three most similar
isolates based on the 16S-based ID by EZBioCloud [48] and that had available FAME
profiles; M. namucuonensis 333-1-0411T (97.09%), M. albidiflava KCTC 12343T
(96.46%) and M. aurea DSM 10855T (85.55%). Isolates had similar C16:0 readings, in the
20-30% fatty acid range, however, strain DSM 10855T had an 18.6% fatty acid range,
lower than that of the other two isolates. C10:0 3-OH percentages were similar in that
strain ONC3 and strain 333-1-0411T had similar compositional percentages at 3.85% and
4.3%, however compositional percentages increased with regard to the other two strains.
Isolates differed in their C12:0 fatty acid composition widely, with strain ONC3 having
2.77% composition while the other strains have at least 5% or more of their composition
as C12:0. However, none had a relatively close match to strain ONC3 when other fatty
acid percentages where looked at.
Proposal Massilia hortus sp. nov. strain ONC3
Massilia hortus strain ONC3 can be distinguished from other type strains and members of
the Massilia genus by chemotaxonomic characterization, genetic analysis including
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genome and 16S evolutionary phylogeny. L-histidine assimilation is unique to only ONC3
and one other Massilia species (albidiflava 17472) that was tested. However, Massilia
albidiflava 17472 does not have the same biochemical profile according to the Biolog
results (Fig. 12.1) and is not genetically similar when using BLAST to look at similar 16S
rRNA sequences as only the closest type strain to ONC3 is Massilia solisilvae J18 at 97.80
% similarity. ONC3 is a light brown, circular, flat colony and not shiny. 16S analysis using
a phylogenetic tree also was used to confirm novelty of strain ONC3 as such that ONC3
was contained to its own node but shares a common ancestor with all other Massilia
species. Average nucleotide identity was also low at 79.3% and average amino identity
which was compared to the Uniprot database was low at 78.20%, provided by the AAIprofiler. The GGDC also produced results that provide evidence that strain ONC3 did not
have similar genomic features that resemble other classified Massilia species and could
also utilize histidine as a nitrogen source according to the Biolog plate data and genomic
data mining. This suggest that Massilia hortus nov. sp, strain ONC3 is a novel member of
the genus Massilia.
Description of Massilia hortus nov. sp., strain ONC3
M. hortus strain ONC3 was isolated from garden soil that had not been planted recently,
located near Maxton, NC, USA. Cells are gram negative rods in chain arrangements.
Colonies were cultured on R2A media and are round, flat, and brown colored and do not
shine in light. Growth occurs at 21-30°C. Cells can utilize L-histidine and several sugars
including maltose, trehalose, cellobiose and turanose. Cellular assimilation of L-histidine
seems to be novel only to ONC3 whereas other Massilia that have been characterized do
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not show assimilation of L-histidine. The genome of ONC3 is 5.62 Mbp and has a G+C
content of 63.82%.
Culture Collection Deposit
Massilia hortus sp. nov, strain ONC3 was deposited into the Belgian Co-Ordinated
Collection of Micro-Organisms under the accession number LMG 31738 and the ARS
Culture Collection (NRRL) under the accession number NRRL B-65553.
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Figure and Table Legends (In order as the appear in text)
Table 12.1. Bacterial reference strains and the culture collection information, from which
the strains were purchased. Culture media, incubation temperature along with Biolog
inoculation fluids and incubation periods are also shown in the table.
Fig. 12.1 Non-metric multidimensional plot of ONC3 and similar Oxalobacteraceae
family members’ microlog results after transformation in R-studio to numerical values.
Fig. 12.2 MALDI-TOF dendrogram of ONC3 (in grey box) and related strains showing
the results after MALDI-TOF spectra profiling. Profiles were then compared to a local
database and the resulting dendrogram was produced.
Fig. 12.3 Maximum-likelihood phylogenetic tree based on the top similar 16S rRNA
sequence from a BLAST search compared to strain ONC3 (ONC3 is denoted by the black
square) and available reference strains of Massilia species (denoted by a black circle).
Values at branch points (nodes) indicate bootstrap support as percentages based on 1000
resampling (only values greater than 50% are shown). E. coli 30083 was used as an
outgroup.
Table 12.2. Average nucleotide identity values obtained by using ONC3 as the query
genome and 5 closely related Massilia genomes based on genomic similarity as reference
strains.
Table 12.3. Average amino acid index values of similar genomes to ONC3 based on the
AAI profiler (Uniprot) database.
Table 12.4. GGDC output values using ONC3 as query genome and selecting 5 similar
genomes and using 3 different best-fit models being used. DNA-DNA hybridization
values are denoted as DDH.

Figures and Tables
Table 12.1. Bacterial reference strains and the culture collections from which the strains
were purchased. Culture media, incubation temperature along with Biolog inoculation
fluids and incubation periods are also shown in the table.
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Bacterial Isolate

Culture
Strain
Collection Culture
Designatio Catalog
Collectio
n
Code
n

NCCB
Collimonas arenae 100031

21398

DSMZ

Duganella
zoogloeoides

ATCC
25935

25935

ATCC

Glaciimonas
singularis

A2-57

100199

DSMZ

Herbaspirillum
seropedicae

Z67

6446

DSMZ

Herminiimonas
contaminans

CCUG
53591T

28178

DSMZ

9628

DSMZ

Janthinobacterium
agaricidamnosum W1R3
Massilia aerilata

5516S-11

19289

DSMZ

Massilia
albidiflava

45

17472

DSMZ

Massilia dura

16

17513

DSMZ

26121

DSMZ

Massilia umbonata LP01
Massilia
alkalitolerans

VTT:CAS2
YIM 31775 9
VTT

Culturing
Media
Incubation
(DSMZ
Temperatu
Recipe)
re (°C)
Nutrient
agar
(Medium
1)
30
Tryptic soy
agar
(Medium
535)
30
R2A
(Medium
830)
25
Nutrient
agar
(Medium
1)
30
Tryptic soy
agar
(Medium
535)
30
Nutrient
agar
(Medium
1)
25
R2A
(Medium
830)
30
R2A
(Medium
830)
30
Tryptic soy
agar
(Medium
535)
30
R2A
(Medium
830)
30
Tryptic soy
agar
(Medium
535)
30

Biolog
Biolog
Incubatio
Inoculatio n Period
n Fluid
(In Days)

A

4

A

4

A

4

A

4

B

4

A

4

A

4

A

4

B

4

A

4

A

4
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NRRL B65553

NRRL

Noviherbaspirillu
TSD-69
m denitrificans

TSA40

ATCC

Oxalicibacterium
Yox
faecigallinarum

21641

DSMZ

Telluria mixta

ATCC
UQM 733 49108

ATCC

Undibacterium
terreum

C3

DSMZ

Massilia hortus

ONC3

102222

R2A
(Medium
830)
R2A
(Medium
830)
Nutrient
agar
(Medium
1)
Nutrient
agar
(Medium
1)
R2A
(Medium
830)

28-30

B

4

28-30

B

4

28-30

A

4

26-28

B

4

30

B

4
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Figure 12.1. Non-metric multidimensional plot of ONC3 and similar Oxalobacteraceae family members’ microlog results after transformation
in R-studio to numerical values.
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Figure 12.2. MALDI-TOF dendrogram of ONC3 (in grey box) and related strains showing the results after MALDI-TOF spectra
profiling. Profiles were then compared to a local database and the resulting dendrogram was produced.
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Figure 12.3. Maximum-likelihood phylogenetic tree based on the top similar 16S rRNA sequence from a BLAST search compared
to strain ONC3 (ONC3 is denoted by the black square) and available reference strains of Massilia species (denoted by a black
circle). Values at branch points (nodes) indicate bootstrap support as percentages based on 1000 resampling (only values
greater than 50% are shown). E. coli 30083 was used as an outgroup.
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Table 12.2. Average nucleotide identity values obtained by using ONC3 as the query genome and 5 closely related
Massilia genomes based on genomic similarity as reference strains.

Query
Genome

Reference Genome

OrthoANI Value (%)

ONC3

Massilia sp. WG5

79.3

ONC3

Massilia putida 6NM-7T

78.64

ONC3

Massilia oculi CCUG 4327

78.59

ONC3

Massilia violaceinigra B2

77.4

ONC3

Massilia lutea 17473

75.86

Table 12.3. Average amino acid index values of similar genomes to ONC3 based on the AAI profiler (Uniprot) database.

Similar AAI Profiles

AAI (%)

Massilia sp.

78.2

Massilia sp. JS1662

78.0

Massilia sp. Wf1

77.7

Massilia sp. PDC64

77.3

Massilia phosphatilytica

77.0

Table 12.4. GGDC output values using ONC3 as query genome and selecting 5 similar genomes and using 3 different
best-fit models being used. DNA-DNA hybridization values are denoted as DDH.

Query
genome
ONC3
Genome
ONC3
Genome
ONC3
Genome

Reference
genome
Massilia sp.
WG5
Massilia
putida 6NM7T
Massilia
oculi CCUG
4327

Formula
1
DDH
Model
C.I.
25
[21.7 28.6%]
21.3
[18.1 24.9%]
23.1

[19.8 26.7%]

Distance Prob. DDH
>= 70%
0.5978
0.01
0.6782

0

0.6372

0
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ONC3
Genome
ONC3
Genome

Query
genome
ONC3
Genome
ONC3
Genome
ONC3
Genome
ONC3
Genome
ONC3
Genome
Query
genome
ONC3
Genome
ONC3
Genome
ONC3
Genome
ONC3
Genome
ONC3
Genome

Massilia
violaceinigra
B2
Massilia
lutea DSM
17473

Reference
genome
Massilia sp.
WG5
Massilia
putida 6NM7T
Massilia
oculi CCUG
4327
Massilia
violaceinigra
B2
Massilia
lutea 17473
Reference
genome
Massilia sp.
WG5
Massilia
putida 6NM7T
Massilia
oculi CCUG
4327
Massilia
violaceinigra
B2
Massilia
lutea 17473

17.4

[14.4 21%]

0.7887

0

18.5

[15.4 22.1%]

0.754

0

Formula
2
DDH
Model
C.I.
22.6
[20.4 25.1%]
22.2
[19.9 24.7%]

Distance Prob. DDH
>= 70%
0.1935
0
0.1974

0

21.9

[19.6 24.3%]

0.2004

0

20.9

[18.7 23.4%]

0.2097

0

21.2

[19 23.7%]

0.2068

0

Formula
3
DDH
Model
C.I.
23.5
[20.6 26.6%]
20.5
[17.7 23.6%]

Distance Prob. DDH
>= 70%
0.6756
0
0.7417

0

21.9

[19.1 24.9%]

0.7099

0

17.2

[14.6 20.2%]

0.833

0

18.1

[15.5 21.1%]

0.8049

0
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Abstract
A novel member of the Family Oxalobacteraceae, isolated from farmed soil in Michigan,
was designated strain M1. Based on 16S rRNA phylogenetic analysis and full genome
analysis, it was discovered that the bacterial isolate most closely related to the genus of
Noviherbaspirillum, Family previously stated. The closest similar Family members based
on 16S rRNA are: Noviherbaspirillum denitrificans strain TSA40, Noviherbaspirillum agri
strain K-1-15 and Noviherbaspirillum autotrophicum strain TSA66 (98.51, 97.81 and
97.57 percent identity respectively). Chemotaxonomic testing performed with Biolog Gen
III microplates showed that M1 has biochemical characteristics like Janthinobacterium
agarcidamnosum strain W1r3. The average nucleotide identity (ANI) analysis of strain M1
against genomes from the same family yielded a value of 80.27%, which belonged the
genome of Noviherbaspirillum autotrophicum, confirming the difference in these two
genomes. Average amino acid identity (AAI) genome comparison revealed a similarity to
several different strains: Noviherbaspirillum denitrificans and Noviherbaspirillum sp
Root189, Herbaspirillum sp K1R23-30 and an uncultured Oxalobacteraceae bacterium at
AAI values of 77.60%, 77.60% 77.50% and 73.30%, respectively. A 15.1% DNA-DNA
hybridization value, which is less than the 70% cutoff, also indicates that strain M1 is a
novel species. Using the results from chemotaxonomic, phylogenetic, genomic and
physiological analyses, M1 should be considered a novel species of the genus
Noviherbaspirillum and as such the name Noviherbaspirillum sperare gen. sp. nov strain
M1 is proposed.
Introduction
The Family Oxalobacteraceae is a member of the Order Burkholderiales, Class
Betaproteobacteria, and Phylum Proteobacteria and encompasses 13 distinct genera:
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Collimonas, Duganella, Glaciimonas, Herbaspirillum, Herminiimonas,
Janthinobacterium, Massilia, Noviherbaspirillum, Oxalicibacterium, Oxalobacter,
Pseudoduganella, Telluria and Undibacterium. The bacteria within this group are all
Gram-negative, non-spore forming, and generally mesophilic with the exception of a
small number of psychrophilic species (1). Oxalobacteraceae are present in a wide range
of habitats, such as air, freshwater, soils, Antarctic soil, plant roots, rhizosphere and
phyllosphere (2). Some species/strains of the family are plant associated, and can be mild
plant pathogens, while others are endophytic, and have plant-growth promoting
capabilities (3). These plant-growth promoting capabilities can include the suppression
of plant pathogens (4), nutritional benefits (5) and biomass increases via the production
of plant growth hormones (6). The root associated or endophytic species Herbaspirillum
frisingensis, for example, has been used as a microbial inoculant in agricultural
applications, and has been shown to increase the yields of economically important crops,
such as sorghum (7).
Bacterial species of the genus Noviherbaspirillum are pigmented from white to orange
and are motile. Noviherbaspirillum denitrificans and Noviherbaspirillum autotrophicum
were both isolated from rice paddy soils, and are able to reduce nitrate, nitrite and nitrous
oxide, but unable to fix gaseous nitrogen (8). Noviherbaspirillum agri was isolated from
reclaimed grassland soil and has as only respiratory quinone, ubiquinone-8, which was
also found in other Noviherbaspirillum species and supports the affiliation of the genus to
the Oxalobacteraceae. Fatty acid profiling shows that these species have straight-chain
saturated and unsaturated fatty acids (9).
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In this article, we describe the novel strain M1, which was isolated from farmland. M1 is
most closely related to other species in the genus Noviherbaspirillum but differs
phenotypically and genetically from the currently known Noviherbaspirillum species. We
propose to name this isolate Noviherbaspirillum sperare sp. nov. M1.

Isolation and Ecology
Noviherbaspirillum sperare sp. nov. M1 was isolated from the subsurface of a sandy-loam
farm soil near the Highland Township (Michigan, USA; 44.1251 N, 85.2112 W). The mean
summer temperature of the area ranges from 18-20°C, while mean annual precipitations
can be between 600 to 813 mm (10, 11). According to a soil profile from the Web Soil
Survey website (12), the soil pH of the area was 6.1, the soil is well drained and primarily
used as farmland and has a low salinization risk (12). The soil sample was suspended in a
phosphate buffered saline (1X), and samples of the slurry were streaked on Reasoner’s 2A
agar (R2A) media plates and cultured at 30°C (13). After repeated single cell colony
isolation, pure colonies were transferred to a 20% glycerol solution and stored at -80°C for
future analysis.

Phenotypic Characterization
The cells of M1 are Gram-negative rods with a chain-like cellular arrangement. In culture
on R2A, colonies had a white cream color, were in circular form with a slightly raised
elevation, and an entire margin.
For the phenotypic characterization, we compared M1 to 16 reference strains from the
Oxalobacteraceae family (Table S1). The reference strains were selected based on
sequence similarities to the 16S rRNA of M1 after BLAST search, and were obtained from
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three different culture collections: American Type Culture Collection (ATCC, Manassas,
USA), Leibniz Institute DSMZ – German Collection of Microorganisms and Cell Cultures
(DMSZ, Braunscheig, Germany) and VTT Technical Research Centre of Finland (Espoo,
Finland). All strains were chemotaxonomically characterized using the Microlog system
(Biolog, Hayward, USA) and Gen III 96 well plates that contain 94 phenotypic tests that
are divided into 71 metabolic substrate tests and 23 chemical sensitivity tests (14). For the
tests, the strains were grown according to the recommendations of the culture collection,
and then transferred into the inoculation fluid A, B or C depending on the required growth
conditions for each strain (Error! Reference source not found.), and were incubated at
room temperature for 4 d according to the instruction of the manufacturer (Biolog,
Hayward, USA). Then, 100 µL of the culture with an absorbance of 98% was aliquoted
into each well of the plate and incubated at 30°C. After 4 d, the plates were read, and the
results were entered into the Microlog program as + for a positive, - for a negative, and +/for a borderline result. The results of this analysis are provided in Table S2 (Supplementary
materials). The Microlog results were then converted from +, -, -/+ into the numerical form
2, 0, 1, respectively. A non-metric multidimensional scaling plot was created in R, using
the package MASS (15, 16). According to this analysis, M1 clusters in close proximity to
two Massilia strains, Massilia arenosa MC02 (17) and Massilia hortus ONC3 (18)
reflecting the phenotypic similarities to these isolates.

MALDI-TOF
Matrix-assisted laser desorption/ionization time of flight mass spectroscopy (MALDITOF MS) was performed by Novozymes North America Inc. (Franklinton, NC, USA) on
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a Bruker microflex instrument, equipped with the flexControl v3.4 software (Bruker
Daltonics Inc., Billerica, MA). MALDI-TOF MS generates a peptide mass fingerprint of
bacterial species, and has become a sensitive and economical tool for the identification of
bacteria and other microorganisms (19, 20). Spectra were obtained using the direct
transfer protocol supplied by the manufacturer. Colonies of each species were grown up
overnight. Cells, including a bacterial test standard, were spread on a polished steel target
plate and treated with formic acid before application of the matrix ɑ-cyano-4hydroxycinnamic acid (HCCA), 2 replicates per species. Measurements were made after
the plate was dry. Spectra were collected using the flexControl v3.4 software over a 2 to
20 kDa range.
We compared the peptide mass fingerprint of M1 to reference strains from the
Oxalobacteraceae (Table S1). According to the MALDI-TOF analysis, M1 forms a
separate branch with Massilia arenosa MC02, a newly described species within the
Massilia species (17). Both, M1 and M. arenosa MC02, are most closely related in their
metabolic profile to Noviherbaspirillum denitrificans TSA40 (Fig. ). We also compared
the spectrum of M1 to a database with reference spectra using the flexAnalysis software.
The flexAnalysis software calculates a similarity score for the spectra, and the log of this
score is used to estimate the similarity of the unknown strain to strains in the database.
Generally, a score greater than 2.3 is considered to be a match at the species level, 2 to
2.3 a match at the genus level, and 1.7 to 2 a probable genus level match, and scores
below 1.7 are regarded as unreliable. With a maximum similarity score of 1.31, M1 is not
related to any of the known microbial species in the reference database.
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DNA Isolation and Sequencing
Genomic DNA extraction was performed using the Agencourt Genfind v2 (Beckman
Coulter Life Sciences, Indianapolis, IN) kit and the protocol for gDNA extraction from
bacterial colonies. A genomic library was prepared using the Illumina Nextera platform
(San Diego, CA), and sequenced by the Illumina NextSeq paired-end v2 chemistry on
v2.5 flowcells with 150 bp per read, a fragment length of 475 bp, and an 8.2X target
coverage for reads.
We obtained 384,692 total reads with an average length of 148 bp (56,755,616 total
bases). The genome assembly was carried out using SPAdes 3.11.0 (21), which produced
524 contigs, with an N50 value of 11,660 bp and a total assembled size of 4,709,175 bp.
The G+C content was 63.81%. Reads that met quality control standards, were mapped to
contigs with an average genome coverage of 20X. Assembly quality was assessed using
BUSCO (22). The measured completeness (39 single copy BUSCO’s, one duplicate
BUSCO) was 97.5%. Initial annotation was performed using the PATRIC platform
3.5.28 (23). Additional annotation was implemented using the Galaxy platform (24) and
RAST 2.0 (25) and the NCBI Prokaryotic Genome Annotation Pipeline (26), which
identified in total 5,013 genes, 4,967 protein-coding genes, 2 rRNA operons, and 44 tRNA
genes.
After obtaining the partial 16S rRNA sequence (accession: MN733819.1), NCBI BLAST
was used to select the top 15 most similar 16S rRNA sequences. The highest percent
sequence identity was found to Noviherbaspirillum denitrificans strain TSA40 or
Noviherbaspirillum agri strain K-1-15, with a sequence identity of 98.51%, or 97.81%,
respectively. This is just above the cutoff of 98.5% that is considered to be more accurate
than the 97% cutoff for the declaration of a novel species (27). The sequences were
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downloaded as FASTA files and imported into MEGA 7 (28) and aligned by MUSCLE
(29) along with sequences from the reference strains from the Oxalobacteraceae family
(Table S1). A best-fit DNA model, using the aligned sequences was created, and used to
perform the maximum-likelihood phylogenetic analysis. The Kimura-2-gamma with
invariant sites model (K2+G+I) (30, 31), 1000 bootstrap replicates, and a partial deletion
with 95% coverage cutoff was used to create the final maximum-likelihood tree (Fig. )
using MEGA7 and iTOL (32). Escherichia coli strain DSM 30083 was selected as an
outgroup for this analysis. According to the 16S phylogenetic tree, M1 shares a common
ancestor with Noviherbaspirillum denitrificans TSA40. The bootstrap value of the node
shared by both strains was 87%. Both strains, Noviherbaspirillum denitrificans strain
TSA40 and M1 share a common ancestor with two other Noviherbaspirillum strains, N.
agri K-1-15 and N. autotrophicum TSA66. The bootstrap value is with 81% relatively
low, what makes declaring a precise taxonomic identity based on the 16S for M1 more
difficult (33).
Genome Features
We used the MiGA (34) platform and its prokaryotic pipeline to compare the M1 genome
to over 11,000 genomes on the NCBI prokaryotic database. The results confirmed that M1
belongs to the Oxalobacteraceae, but the affiliations of this species with the existing genera
of this family have low probabilities. MiGA also analyzes the completeness of a genome
compared to the reference genomes by calculating the fraction of total single-copy genes
in the query sequence. According to this analysis, the genome completeness of M1 was
93.7%, which is considered “very high” by MiGA standards. Genome contamination was
also “very low” at 3.6% and the overall quality of the genome was “high” at 75.7%. The
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high completeness of the genome and the low genome contamination levels of the MiGA
analysis are consistent with the results of CheckM (35, 36). According to CheckM, the
genome of M1 had a completeness of 96.02% and a contamination of 2.4%.
Using the whole genome of M1 as a search query and genome-distance calculations
through the website GGDC (37), nine highly similar genomes were obtained from NCBI
BLAST (38). By comparison to similar phylogenetic neighbors, GGDC calculates
intergenomic distances and DNA-DNA hybridization (DDH) probabilities through the
digital analysis of 3 different models. When the genome of M1 genome was compared to
the 9 most similar genomes, including the genome of Noviherbaspirillum denitrificans
TSA40, the DDH probability values were lower than 70% for all prokaryotic species
delineations (Table S3). A threshold of <70% DDH similarity is typically used to justify
the establishment of a new species (39).
The RDP classifier, included with MiGA, compares the 16S rRNA contig provided by to
its own database of 16S sequences (40). The results placed M1 in the genus
Noviherbaspirillum, but only with a low confidence (82%). We compared the largest contig
from M1, to the “nr”- protein database and the “nt”-nucleotide database using BLASTN
and got hits to Noviherbaspirillum sp. strain UKPF54 and to Herbaspirillum robiniae strain
AA6, with a 76.11% sequence identity and a query cover of 17%, or 84.27% sequence
identity and a query cover of 8%, respectively.
Kbase and the available GTDB-Tk database module for the classification of bacterial
genomic data with over 140,000 combined bacterial and archaea genomes (41), places M1
also in the genus Noviherbaspirillum. We also performed a whole genomic phylogenetic
analysis through Kbase’s species tree creation module (42), which compares genomes that
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are the most similar to that of a query genome using the Kbase database of over 85,000
prokaryotic genomes, and calculates relatedness based on a subset of cluster of orthologous
group domains. The resulting tree (Fig. S1) shows that M1 (in yellow) is most closely
related to Noviherbaspirillum autotrophicum. The node support value of 73.1% and the
longer branch length associated with M1, suggest that these two strains are different from
each other and that M1 can be considered a novel species.
Average nucleotide identity (ANI) analysis (Table 3) was also performed using M1 as the
query strain against several reference genomes from the Oxalobacteraceae (43). ANI
calculates a pair-wise measurement that compares the similarity of two genomes. The
query genome is first split up into fragments which are then searched against the reference
genome to find homologous regions. The highest ANI value of 80.27% was obtained for
Noviherbaspirillum autotrophicum, what was well below the species cutoff of 95-96% that
is typically applied for bacterial species.
Average amino acid identities (AAI) are calculated by comparing the conserved proteincoding region of a set of genomes and usually clusters similar genomes that share more
than 95% AAI (44, 45). With its ability to access larger parts of the genome, this method
has a higher resolution power than 16S rRNA sequence comparisons (46). Using the webbased AAI profiler (47), which takes query proteomic data and compares it to known
bacterial proteomes based on the Uniprot database (48), the genome of M1 is most closely
related

to

Noviherbaspirillum

denitrificans,

Noviherbaspirillum

sp.

Root189,

Herbaspirillum sp. K1R23-30 and an uncultured Oxalobacteraceae bacterium with AAI
values of 77.6%, 77.6%, 77.5% and 73.50%, respectively (Table 2). Based on these data,
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we propose Noviherbaspirillum sperare M1 as a novel species within the genus
Noviherbaspirillum.
The genome of N. sperare contains putative genes that could be indicative of plantgrowth promotion effects on plants. We identified for example the siderophore gene,
brfD, which has also been found in Noviherbaspirillum humi strain U15 and encodes the
protein TonB that interacts with outer membrane receptors (OMR) and facilitates the
uptake of ferric-siderophore complexes (49, 50). Genes for phosphate transport and
metabolism were also found, including: phoU and ppK2. PhoU is part of the Pho regulon
that regulates phosphate transport in bacterial cells. In E. coli, this protein is a metal
binding protein and regulates the dephosphorylation of PhoB, a positive regulator of the
Pho regulon (51). ppK2 encodes polyphosphate kinase 2, which can produce
polyphosphates from ATP/GTP (52).
Proposal of Noviherbaspirillum sperare sp. nov, strain M1 as a Novel Species and
Type Strain
The name Noviherbaspirillum sperare (spērāre. L active infinitive of spērō for hope,
expect) (53) . is proposed based on results from genomic analysis and grouping. Since
strain M1 is grouped primarily in the genus Noviherbaspirillum, the decision was made to
classify it at the genus level as Noviherbaspirillum and give it the species name of
sperare and strain designation of M1. The species name of sperare means ‘to hope” in
Latin. The designation of “sperare” was chosen because of the authors hope that this
bacterial isolate could be used in the future as a common alternative agricultural product
for man-made fertilizers.
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N. sperare strain M1 can be differentiated from other members of the Family
Oxalobacteraceae and members of the genus Noviherbaspirillum by the Microlog
phenotyping system (Table 13.1 & Fig 13.3), phylogenetic analysis and whole genome
analysis. Since Noviherbaspirillum is a known genus, the need for a proposed species and
type strain also will be addressed in this section. Comparison of the 16S rRNA gene
sequences of M1 and similar strains (Fig. 13.3), shows that strain M1 and
Noviherbaspirillum denitrificans strain TSA40 do share a common ancestor, but with a
bootstrap value of 87 and branch lengths of 0.0110 and 0.0121, respectively, we would
argue that the two strains are genetically different and can be considered, at the very
least, two different species. Noviherbaspirillum denitrificans strain TSA40 is the closest
relative of M1, based on 16S rRNA sequencing, however, DDH estimated a value of 12.8,
which shows strain M1 is distinct from strain TSA40. MiGA classified strain M1 as a
member of the Family Oxalobacteraceae with a p-value of 0.00 at a significance of 0.01
and placed it in the genus Janthinobacterium with a p-value of 0.262 at a significance of
0.5. Taxonomic novelty was also indicated by MiGA, which produced a p-value of 0.42
at the genus level, indicating that strain M1 is potentially a novel species within the
Family of Oxalobacteraceae. When using the GTDB-Tk database, strain M1 was most
similar to the genus Noviherbaspirillum but did not have a species designation. The
highest ANI value obtained was 80.27%, by Noviherbaspirillum autotrophicum, well
below the species cutoff. With ANI values being so low, AAI was then utilized to
determine taxonomic classification of strain M1. AAI analysis also showed a low
likeness when compared to similar strains
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Phenotypic comparisons of strains M1 and strain TSA40 show significant differences.
M1 is adept at growing in 4% NaCl, and can assimilate 𝑎𝑎-keto-butyric acid, acetic acid,
and formic acid and metabolize D-fructose whereas strain TSA40 lacks these abilities.
This also holds true when we look at members of other genera within the
Oxalobacteraceae, such as Massilia albidiflava strain 45 that, unlike strain M1, cannot
use formic acid, acetic acid, or sodium lactate and cannot grow in any salt substrates.
Likewise, Undibacterium terreum strain C3 cannot utilize virtually any of the
carbohydrate substrates that M1 can including maltose, sucrose and trehalose.
Janthinobacterium agaricidamnosum strain W1R3 and M1 had similar Microlog profiles,
but, unlike W1R3, M1 cannot grow in 8% salt or at a pH of <7. ANI comparisons with
other species of Oxalobacteraceae yielded values that were lower than the cutoffs for
bacterial species, 95-96%. M1 also shares a common ancestor with Noviherbaspirillum
autotrophicum when compared in larger databases such as the Kbase and the GTDB-Tk
databases. Phylogenetic analysis also shows that M1 is diverse enough from N.
autotrophicum to be considered a novel species and strain. The proposed name of
Noviherbaspirillum sperare strain M1 was based on the International Code of
Nomenclature of Prokaryotes (54).
DESCRIPTION OF NOVIHERBASPIRILLUM SPERARE SP. NOV
N. sperare strain M1 was isolated from an agricultural soil close to the Highland Township
(Michigan, USA; 44.1251, -85.2112). Cells are Gram-negative rods in chains. Colonies
that are grown on R2A media are round shaped with a white-cream coloring and smooth
and slightly raised surfaces. Growth occurs at 21-30°C. Cells can adapt to 1% and 4% salt
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solutions and various salt solutions according to the Microlog analysis (Table 13.1). Cells
can also ferment various carbon substrates, assimilate various amino acid sources, which
seems to be traits shared across the Oxalobacteraceae family. The genome of this isolate
is 4.71 Mbp and has a G+C content of 63.81%.
Culture Collection Deposit
Strain M1 was deposited into the Belgian Co-Ordinated Collection of Micro-organisms
under the accession number: LMG 31739 and the ARS Culture Collection (NRRL) under
the accession number: NRRL B-65551.
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Tables

Table 13.1. Bacterial type strains and the culture collections from which the strains were purchased: American Type
Culture Collection (ATCC, Manassas, USA), Leibniz Institute DSMZ – German Collection of Microorganisms and Cell
Cultures (DMSZ, Braunscheig, Germany) or VTT Technical Research Centre of Finland (Espoo, Finland). The culture
medium, incubation temperature and the Biolog inoculation fluid that was used for the analysis is also given in the
table. The incubation period for the Biolog assays was 4 d.

Bacterial Isolate and
Strain

Culture
Collection

Culture Medium
(DSMZ Recipe)

Incubation
(°C)

Biolog
Inoculation
Fluid
A

Collimonas arenae NCCB
100031

DSMZ 21398

Nutrient agar
(Medium 1)

30

Duganella zoogloeoides
ATCC 25935

ATCC 25935

Tryptic soy agar
(Medium 535)

30

A

Glaciimonas singularis
A2-57

DSMZ 100199

R2A (Medium 830)

25

A

Herbaspirillum
seropedicae Z67

DSMZ 6446

Nutrient agar
(Medium 1)

30

A

Herminiimonas
contaminans CCUG
53591T
Janthinobacterium
agaricidamnosum W1R3

DSMZ 28178

Tryptic soy agar
(Medium 535)

30

B

DSMZ 9628

Nutrient agar
(Medium 1)

25

A

Massilia aerilata 5516S11
Massilia albidiflava 45

DSMZ 19289

R2A (Medium 830)

30

A

DSMZ 17472

R2A (Medium 830)

30

A

Massilia dura 16

DSMZ 17513

Tryptic soy agar
(Medium 535)

30

B

Massilia umbonate LP01

DSMZ 26121

R2A (Medium 830)

30

A

Massilia alkalitolerans
YIM 31775

VTT CAS29

Tryptic soy agar
(Medium 535)

30

A

Massilia hortus ONC3

NRRL B-65553

R2A (Medium 830)

28-30

B

Noviherbaspirillum
denitrificans TSA40

ATCC TSA40

R2A (Medium 830)

28-30

B

Oxalicibacterium
faecigallinarum Yox

DSMZ 21641

Nutrient agar
(Medium 1)

28-30

A

Telluria mixta UQM 733

ATCC 49108

Nutrient agar
(Medium 1)

26-28

B

Undibacterium terreum
C3

DSMZ 102222

R2A (Medium 830)

30

B
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Figure 13.1. Non-metric multidimensional plot of M1 and similar Oxalobacteraceae family members’ microlog results after
transformation in R-studio to numerical values.
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Fig. 13.2 MALDI-TOF dendrogram of M1 and related strains showing the results after MALDI-TOF spectra profiling. Profiles were
then compared to a local database and the resulting dendrogram was produced.
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Fig. 13.3 Maximum-likelihood phylogenetic tree based on the top similar 16S rRNA sequences from a BLAST search
when using strain M1 (denoted by a black square) as a query sequence. Reference strains from the family of
Oxalobacteraceae were also used in this analysis and are denoted by black circles. Bolded values at branch points
indicate bootstrap support as percentages based on 1000 resampling (only values greater than 50% are
shown). Branch lengths are in standard text format and listed below supporting values.
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Table 13.2 GGDC output values using M1 as query genome and selecting 9 similar genomes using the full genome
sequence with 3 different best-fit models being used. M1 was used as the reference genome and was compared to 9
similar genomes. DNA-DNA hybridization values are denoted as DDH.

Query
genome
M1 Genome

Formula 1
Reference genome
Noviherbaspirillum massiliense strain
JC206

DDH Model C.I. Distance
12.8

M1 Genome Collimonas arenae strain Cal35

13.5

M1 Genome Herbaspirillum sp. strain Meg3

13.7

M1 Genome

Janthinobacterium agaricidamnosum
strain W1R3

M1 Genome Herbaspirillum seropedicae strain Z67
M1 Genome

Herbaspirillum seropedicae strain
AU14040

13.4
14.7
14.7

M1 Genome Herbaspirillum hiltneri strain N3

15.1

M1 Genome Massilia sp. strain WG5

15.6

M1 Genome
OM1
Genome

0.9805 0
0.9478 0
0.9361 0
0.9171 0
0.8902 0
0.8916 0
0.8734 0
0.8565 0

Noviherbaspirillum denitrificans strain
TSA 40
18.2 [15.1-21.8] 0.764
Formula 2
Reference genome

Noviherbaspirillum massiliense strain
JC206
Janthinobacterium agaricidamnosum
M1 Genome
strain W1R3
M1 Genome

DDH Model C.I. Distance
19.7
20.3

M1 Genome Collimonas arenae strain Cal35

20.4

M1 Genome Herbaspirillum sp. strain Meg3

21.1

M1 Genome Massilia sp. strain WG5

21.2

M1 Genome Herbaspirillum hiltneri strain N3

21.5

M1 Genome Herbaspirillum seropedicae strain Z67

22.2

M1 Genome

[10.2 16.1%]
[10.7 16.8%]
[10.9 17.1%]
[11.3 17.5%]
[11.9 18.1%]
[11.8 18.1%]
[12.2 18.6%]
[12.6 19%]

Herbaspirillum seropedicae strain
AU14040

22.2

[17.5 22.1%]
[18 22.7%]
[18.2 22.8%]
[18.8 23.5%]
[19 23.7%]
[19.3 24%]
[19.9 24.6%]
[19.9 24.6%]

Prob. DDH
>= 70%

0
Prob. DDH
>= 70%

0.2231 0
0.2169 0
0.215

0

0.2084 0
0.2066 0
0.204

0

0.1979 0
0.1975 0
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M1 Genome
OM1
Genome
M1 Genome

Noviherbaspirillum denitrificans strain
TSA 40

22.3 [20-24.7] 0.1967 0

Formula 3
Reference genome
Noviherbaspirillum massiliense strain
JC206

DDH Model C.I. Distance
13.2

M1 Genome Collimonas arenae strain Cal35

13.8

M1 Genome Herbaspirillum sp. strain Meg3

14

M1 Genome

Janthinobacterium agaricidamnosum
strain W1R3

M1 Genome Herbaspirillum seropedicae strain Z67
M1 Genome

Herbaspirillum seropedicae strain
AU14040

14.4
14.9
14.9

M1 Genome Herbaspirillum hiltneri strain N3

15.3

M1 Genome Massilia sp. strain WG5

15.6

M1 Genome

[10.9 16%]
[11.4 16.6%]
[11.6 16.8%]
[11.9 17.2%]
[12.5 17.8%]
[12.4 17.8%]
[12.8 18.2%]
[13.1 18.5%]

Prob. DDH
>= 70%

0.9849 0
0.959

0

0.9494 0
0.9351 0
0.9119

0

0.913

0

0.8992 0
0.8861 0

Noviherbaspirillum denitrificans strain
17.9 [15.3-20.9] 0.8104 2.27
TSA 40
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Fig. 13.4 Maximum likelihood phylogenetic tree of the genome of strain M1 (in yellow) compared to other similar
genomes using the Kbase genomic database with the species tree creation module. Node supporting values are shown
above 50% .
Table 13.3 Average nucleotide identity values obtained by using M1 as the query genome and 5 closely related
Oxalobacteraceae strains based on genomic similarity as reference strains.

Query
Genome
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1

OrthoANI Value
Reference Genome
(%)
Noviherbaspirillum massiliense strain
73.5
JC206
Collimonas arenae strain Cal35
74.04
Herbaspirillum sp. strain Meg3
75.02
Massilia sp. strain WG5
75.34
Herbaspirillum seropedicae strain Z67
75.88
Janthinobacterium sp. strain 17J80-10
75.88
Herbaspirillum seropedicae strain
76.08
AU14040
Herbaspirillum hiltneri strain N3
76.14
Noviherbaspirillum denitrificans TSA40
78.13
Noviherbaspirillum autotrophicum
80.27
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Table 13.4 Average amino acid identity values of similar genomes compared to M1 based on the AAI profiler and the
Uniprot database.

Bacterial Lineage

Average
AAI

Median
AAI

Matched
Fraction

Noviherbaspirillum denitrificans

77.60%

79%

48%

Noviherbaspirillum sp. Root189

77.60%

79%

52%

Herbaspirillum sp. K1R23-30

77.50%

79%

50%

uncultured Oxalobacteraceae
bacterium

73.30%

75%

55%

Compost metagenome

67.70%

69%

66%
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THE MASSILIA GENUS, ISOLATED FROM THE SOIL OF A CULTIVATED
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The genome has been deposited at DDBJ/EMBL/GenBank under the BioProject number
PRJNA529270 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA529270), BioSample
number SAMN11263498, and accession number SPVF00000000. The sequence of the 16S
rRNA gene has been deposited at GenBank under the accession number MN733818.2. The
bacterial strain is available at the U.S. Department of Agriculture Agricultural Research
Service (ARS) Culture Collection under the number: NRRL B-65554T, the American Type
Culture Collection under the number: TSD-200 T, and the Belgian Co-ordinated Collections
of Micro-Organisms (BCCM) under the number: LMG 31737 T.
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Abstract
Massilia arenosa MC02T (NRRL B-65554T, ATCC TSD-200T, LMG 31737T), a Gramnegative, rod-shaped bacterium, was isolated from a field soil collected from California,
USA. To examine if MC02T represents a novel species, we compared its colony
morphology, 16S rRNA gene and whole genome sequence, and its biochemical
phenotype using Biolog GenIII and MALDI-TOF analyses compared to reference strains.
Based on 16S rRNA gene and whole genome sequencing, MC02T belongs to the Massilia
genus, and Massilia agri K-3-1T, is the most similar strain with a 96.97 % 16S rRNA
gene sequence identity. MC02T can grow at a pH of 6 but not at pH 5, and a salt
concentration of ≥1% inhibits its growth. In contrast to other Massilia strains, MC02T can
utilize D-turanose, inosine, and L-serine. MALDI-TOF analysis revealed that M.assilia
aerilata DSM19289T is the closest match, but the similarity score was much lower than
the ≥ 1.7 threshold for a reliable identification on the genus level. The genome is 5.02
Mbp and the GC content is 66.2%. Whole genome comparisons to the closest related
strains revealed an average amino acid identity (AAI) of 67.4%, an OrthoANI similarity
of 77.1%, and a DNA-DNA-hybridization probability ≥ 70%, confirming that MC02T is a
novel species. The genome of MC02T shows putative endophyte genes such as a nitrate
reductase, several phosphatases, and biotin biosynthesis genes, 26 flagellar motility genes
and 14 invasion and intracellular resistance genes. Based on its biochemical,
physiological, and genomic characteristics, we propose Massilia arenosa sp. nov. MC02T
as a novel species of the Massilia genus.
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Introduction
Microorganisms in the plant rhizosphere play an enormous role for plant health.
According to estimates there are up to 1011 bacteria per gram of rhizosphere soil [1]. The
number of newly identified microbial species from the rhizosphere is continuously
increasing, particularly due to the development of novel culture-independent
identification methods such as high-throughput sequencing technologies which have
expanded the field of microbial ecology and revealed the vast microbial diversity [2].
Through these technologies, it is now clear that plants are able to shape the microbial
community in their rhizosphere [3, 4], and that successional changes in the plant
rhizosphere are characterized by decreases in both, taxonomic and phylogenetic diversity
relative to bulk soil microbial communities [5].
The family Oxalobacteraceae is classified as a member of the order Burkholderiales, the
class Betaproteobacteria, and the Proteobacteria phylum [6]. The family consists of
Gram-negative bacteria that are most commonly non-spore-forming, mesophilic species
[7]. Since the incorporation of the Massilia genus, many additional species have been
added, and with its 41 named and described species, Massilia is the most species-rich
genus of the Oxalobacteraceae [8]. Since 2005, the Massilia genus now also includes the
species of the Naxibacter genus that were first added to the Oxalobacteraceae family [9],
but later reclassified based on 16S rRNA gene sequence and biochemical data [10]. The
Massilia genus is most closely related to the genera Telluria and Duganella [11].
The first Massilia species was isolated from the blood of an immunocompromised patient
in 1998 [7]. Massilia is a niche divergent family of bacteria, and since their first
discovery, species of the Massilia genus have been isolated from marama bean and
poplar tissue samples [12, 13], water [14, 15], air [16], and ice cores [17]. Massilia
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organisms are most commonly isolated from soil samples and have been found to
colonize root surfaces and are relatively abundant in the rhizosphere [18, 19]. Cultureindependent tools showed that Massilia bacteria can colonize the seed coat, radicle, roots,
and even the hyphae of Pythium aphanidermatum, a phytopathogenic Oomycete that
infects seeds, juvenile tissue, lower stems, and roots [18]. Massilia are characterized as
Gram-negative, rod shaped, aerobic, flagellated, non-spore-forming bacteria. However,
the species within the family are very metabolically and ecologically diverse [20].
There is an increasing interest in the Oxalobacteraceae family, and particularly in the
Massilia genus, since the genus includes species with plant-growth promoting
characteristics from the plant rhizosphere and phyllosphere. The genus Massilia has
disease suppressive abilities towards Rhizoctonia solani [21]. R. solani is a plant
pathogenic fungus with a wide crop host range, and the abundance of Massilia genera in
organic soils was strongly linked to the observed disease suppression [21]. Other strains
of Massilia produce violacein and deoxyviolacein, broad-spectrum antibiotics, when the
required amino acids L-tryptophan and L-histidine are available [22]. Several Massilia
species produce siderophores and are able to hydrolyze gelatin and tributyrin, and other
Massilia strains have cellulolytic and amylolytic activities [23]. In addition, Massilia
species have bioaugmentation abilities through their ability to grow in oil contaminated
soils, and to contribute to oil removal [24]. A strain of Massilia was characterized by his
high resistance against high heavy metal concentrations of arsenic (20 mM), chromium
(2.5 mM), nickel (15 mM) and zinc (10 mM) compared to other bacteria that were
isolated from the rhizosphere of Alyssum murale [25]. Massilia has been shown to play
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an important role in soil and furthering the phylogeny of this genus can be critical for the
identification of potential agricultural applications of these strains.

Isolation
Massilia arenosa sp. nov. MC02T (NRRL B-65554T, ATCC TSD-200 T), was isolated from
a soil sample which was collected from a maize field in California on May 22, 2015. The
geographical coordinates are 37.6058, -120.7478. The field was classified as Hanford
sandy loam, and earthy peat soil. The field was furrow irrigated and the corn growth was
stunted due to wet conditions. A 2 gram soil sample was suspended in 100 mL of 1X
phosphate-buffered saline (PBS), vortexed, and aliquots of 10-4, 10-5, and 10-6 were
prepared in PBS, plated on Reasoner´s 2A medium (R2A) and incubated first for 1-2 days
at 30°C then for 1-2 days at 20°C. After repeated single cell colony isolation, a pure
circular, shiny, cream colored colony was transferred to R2A broth and grown at 30°C for
24 h, and then transferred to a 20% glycerol solution for storage at -80°C for future testing.
Morphology
Colony and cell morphology were determined by streaking the isolates onto R2A medium
and growing the isolate at 30°C for 3 days. Individual colonies were used to determine the
colony morphology such as form, elevation, and margin, and to perform a Gram stain [26].
To compare the colony morphology, we selected Massilia aerilata 5516S-11 DSM 19289T
(Leibniz-Institute DSMZ-German Collection of Microorganisms and Cell Cultures,
Braunschweig, Germany) and Massilia umbonata LP01 DSM 26121T two similar species
that were publicly available and accessible through culture collections, based on the EZ
BioCloud 16S-based ID [27] and NCBI Basic Local Alignment Search Tool (BLAST) [28]
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results of the 16S rRNA gene sequence of MC02T. All purchased isolates from culture
collections are referenced in the supplemental Table S1.Massilia arenosa MC02T colonies
have a circular form, the elevation is raised, and the margins are entire, measuring 1-2 mm
in size and shiny, cream, and opaque in appearance. The colony morphology of MC02T
differed from both reference strains. M. aerilata 5516Sformed larger yellow colonies with
round and raised elevation [29], while M. umbonate LP01 formed circular, umbonate,
entire, yellow glossy colonies[30]. MC02T are Gram-negative rods, that are arranged as
single cells and cell pairs and are typically 1.6 µm long and 0.4 µm wide.
16S RNA phylogeny
Genomic DNA was extracted from a 1 ml suspension of a freshly grown R2A culture
using the AllPrep Bacterial DNA/RNA/Protein Kit (QIAGEN Inc., Germantown, MD)
according to the kit protocol. The genomic library was prepared with Illumina Nextera
(San Diego, CA) with a target insert size of 475 bp and sequenced using Illumina
NextSeq paired-end v2 Chemistry on v2.5 flowcells at 150 bp per read. A target coverage
of 20X was used, and the genome was assembled using SPAdes 3.11.0 [31]. Genes were
annotated using Galaxy Prokka and the 16S rRNA contig was identified [32]. Default
parameters were used for all software packages unless otherwise specified. The 16S
rRNA contig has a length of 1,525 bp and the accession number is MN733818.2. Once
sequenced, the 16S rRNA contig was used to determine the closest related sequences
from the EZBioCloud database. Thirty-two of the most similar sequences were
downloaded as FASTA files and used to create a phylogenetic tree. We used the default
settings of the MUSCLE alignment option [33] of MEGA 7 [34] to align M. arenosa with
the closest related sequences in the EZBioCloud database. Escherichia coli ATCC11775T
was used to root the phylogenetic tree. The phylogenetic tree was created by using the
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maximum likelihood estimator with 1000 bootstrap replications, and partial deletion with
a 95% coverage cut-off. Based on the phylogenetic tree, M. arenosa MC02T is grouped
within the Massilia genera however MC02T represents its own distinct branch (Figure 1).
Based on the branch lengths MC02T is most genetically similar to Pseudoduganella
danionis E3/2T, Massilia tieshanensis TS3T, and Massilia humi THG S6-8T. Based on
the similarity values from the EZBioCloud 16S database Massilia agri K-3-1T, Massilia
neuiana PTW21T, and Massilia aerilata 5516S-11T were most similar to the M. arenosa
MC02T 16S rRNA gene with values of 96.97. 96.90, and 96.86, respectively. These
similarity values are lower than the general 98.65% 16S rRNA gene sequence similarity
threshold that is typically applied to distinguish between different operational taxonomic
units (OTU) or novel species [35]. Based on the phylogenetic tree and 16S rRNA gene
similarity percentages, we propose M. arenosa MC02T as a novel species of the Massilia
genus.
Genome Features
Genomic DNA was sequenced as previously described using Illumina NextSeq. The
Genome was assembled using SPAdes 3.11.0 and the assembly quality was analyzed using
BUSCO [36] which revealed a measured completeness of 95%. We obtained 1,566,408
total reads with a total read length of 231,096,882 bp and an average read length of 148 bp.
Genome assembly and annotation were carried out by PATRIC 3.5.27 [37] which resulted
in 275 contigs, and confirmed by the RAST platform [38]. According to this pipeline, the
genome length of Massilia arenosa MC02T was 5,023,356 bp. We identified a total of
4,790 protein coding sequences consisting of 1,762 hypothetical proteins and 3,028
proteins with functional assignments. There was a total of 47 tRNA genes and 2 rRNA
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operons and a N50 value of 28,267 (range: 1,074 - 119,695 bp) and L50 value of 49. The
percent GC content was 66.2% [39].
The Microbial Genomes Atlas (MiGA) was used to identify the closest related genomes
from other species and to determine if MC02T represents a novel species [39]. The
taxonomic classification of MC02T is determined by the maximum average amino acid
identity (AAI) compared against all the genomes in the NCBI RefSeq database. Using the
prokaryotic pipeline of MiGA, the closest related strain to MC02T from the NCBI database
is M. armeniaca ZMN-3 CP028324T with an (AAI) of 67.37%. This low AAI is just above
65%, the threshold that MiGA typically applies to predict a new genus. The p-value
indicates, based on the AAI, the probability of a different classification, estimated from the
distribution in all the reference genomes at each taxonomic level. P-values are used to
reflect the confidence for each taxonomic rank assignment, and MC02T has a p-value of
0.215 for the genus and 0.488 for the species level, respectively. P-values are also used to
determine the taxonomic novelty of the isolate and to show the probability of any two
genomes in the NCBI RefSeq database having an AAI less than or equal to the query AAI
value. MiGA shows a novelty p-value of 0.48 at the genus level, and of 0.00847 at the
species level. In addition to the low AAI value with M. armeniaca ZMN-3 CP028324T, the
statistical taxonomic p-value indicates that MC02T does not belong to the same species as
the closest related genome, and the low novelty p-value also confirms on the genome level
that M. arenosa MC02T is a novel species within the Massilia genus.
We also utilized EZBioCloud [27] to calculate Average Nucleotide Identity by Orthology
(OrthoANI) [40] values and to confirm that MC02T represents a new species. OrthoANI
identifies the reciprocal best hits (orthologous relationship) of a pair of fragments, by
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running reciprocal BLASTn searches with each fragment [41]. Based on the EZBioCloud
16-S based ID results of the MC02T 16S rRNA gene sequence, six of the most similar
genomes were compared to MC02T using OrthoANI. The OrthoANI values to the closest
full reference genomes are between 76.9 and 75.48% (Table 1), which are much lower than
the 95-96% new species cutoff boundary for bacteria [42].
Genome-to-genome-distance-calculations (GGDC) measure intergenomic distance [43].
MC02T was compared to the six full genomes, based on the EZ BioCloud 16S-based ID
[27] and NCBI Basic Local Alignment Search Tool (BLAST) [28] results of the 16S rRNA
gene sequence of MC02T. The maximum DDH percentage based on formula 2 and the six
reference genomes was 21.3%, lower than the 70% threshold for the identification of a
novel species (Table 2) [44]. This is also enforced by the model confidence intervals (Table
2).
Several genes with putative plant-growth promoting capabilities were identified in the
MC02T genome by annotation with Galaxy [32]. The MC02T genome contains genes for
nitrate reductase (napA), several phosphatase genes (ppk, phoA, phoD, phoR), and biotin
biosynthesis genes (bioA, bioB, bioD, bioF). All gene locus tags are identified in Table
S3. Using RAST 2.0 [38] we also identified 48 putative virulence genes, including 34
genes indicating a resistance to antibiotics and toxic compounds. MC02T also has
putative endophyte genes comprising of 14 genes involved in invasion and intracellular
resistance, and 26 genes responsible for flagellar motility [45].
Physiology and Biochemical
We used the Biolog Gen III MicroPlate test system (Biolog, Hayward, CA, USA) to
characterize the metabolic capabilities of MC02T. The 96-well plate contains a positive and
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a negative control, 23 chemical sensitivity assays, and 71 carbon source utilization assays.
The plates were inoculated with the appropriate inoculation fluid, and incubated for 4 days
at 30°C. The plates were analyzed using the Biolog’s Microbial Identification Systems
software (e.g.OmniLog® Data Collection).

We compared the biochemical phenotype of Massilia arenosa MC02T to other members
of the Massilia genus and other members of closely related genera of the Oxalobacteraceae
family. Using the 16S rRNA gene BLAST results, we selected 16 bacterial isolates, 13 type
strains and 3 additional strains, based on similarity and availability in culture collections
that represented a broad range of bacterial species from different genera within the
Oxalobacteraceae. Isolates were acquired from the American Type Culture Collection
(ATCC, Manassas, USA), DSMZ (Braunscheig, Germany), VTT Technical Research
Centre of Finland (VTT, Finland), or Belgian Co-Ordinated Collection of MicroOrganisms (BCCM, Brussels, Belgium). The bacterial species, and their accession
information are available in Table S1 (Supplementary Material). All isolates were tested in
accordance with the Biolog Gen III manufacturer manual [46]. To better visualize the
results, a non-metric multidimensional scaling (NMDS) plot was created by converting the
“+”, “- “, “+/-” Biolog results (Supplementary Material, Table S2) into the numerical
values 2, 0, 1, respectively. These results were then entered into R-studio to create
nonmetric multidimensional (MDS) coordinates [47]. According to this analysis, M.
arenosa is not grouped with any of the bacterial strains and has a distinctly different
biochemical phenotype than the other Massilia strains that were tested (Figure 2). Based
on the ability to metabolize 71 different carbon sources and its sensitivity to 23 different
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chemicals, the phenotype of MC02T is most similar to strains M. aerilata 55165-11 (DSM
19289T),

Undibacterium

terreum

C3

(DSM

102222T

[48],

Oxalicibacterium

faecigallinarum YOx (DSM 21641T [49], and Herminiimonas contaminans CCUG 53591
(DSM 28178T [50].

The main differences between M. arenosa and the five other Massilia species; M.
albidiflava 45 (DSM 17472T, M. aerilata 5516S-11 (DSM 19289T, M. umbonata LP01
(DSM 26121T, and M. dura DSM 17513T, M. violacea CAVIO (LMG 28941T) are listed
in Table 3. In contrast to some of the other Massilia species, M. arenosa can utilize Dturanose, inosine, L-glutamic acid and L-serine. Consistent with the utilization of inosine,
we identified in the genome of MC02T, the gene for a putative inosine-5’-monophosphate
dehydrogenase, which catalyzes the first rate-limiting step in the synthesis of guanin
nucleotides from inosine-5’-monophosphate [51]. We also found in the MC02T genome,
genes encoding a putative dihydrofolate synthase/folylpolyglutamate synthase that is
involved in L-glutamic acid utilization [52]. In contrast to other Massilia strains, M.
arenosa MC02T cannot utilize substrates, such as sucrose, D-melibiose, D-galactose,
gelatin, and L-aspartic acid. To break down sucrose into glucose and fructose, invertase or
β‐D‐fructofuranoside fructohydrolase activities are required [53]. Consistently, the genome
of MC02T lacks the genes for both enzymes. Similarly, MC02T also does not possess an αgalactosidase gene to hydrolyze D-melibiose [54]. In contrast to some of the other Massilia
strains, MC02T showed resistance against the two antibiotics vancomycin and rifamycin
SV, that inhibit bacterial cell wall biosynthesis and the DNA-dependent RNA polymerase,
respectively [55, 56].
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The cellular fatty acid composition of strain MC02T was determined according to
the standard gas-chromatography based procedures and analyzed using the Sherlock
Microbial Identification System (version 6.3) by MIDI Labs (DE, USA). The predominant
fatty acids were summed feature 3 (C16:1 ⍵7c and/or C16:1⍵6c) (49.07%) and C16:0
(30.01%). Results were compared to the three most similar isolates based on the 16S-based

ID by EZBioCloud; M. agri K-3-1T [57], M. neuiana PTW21T [58], and M. areilata 5516S11T [59]. As described, these three isolates showed resemblance to MC02T based on the
C16:0 fatty acid percentage, however there were distinct differences in regard to C12:0 and
C14:0 as shown in Table 4. MC02T was more similar to the described K-3-1T and PTW21T
C17:0 cyclo fatty acid percentage, and in regard to C10:0 3-OH the novel isolate showed more
resemblance to PTW21T and 5516S-11T. M. arenosa MC02T cellular fatty acid
composition was well represented for several of the fatty acids by the three most similar
Massilia strains based on the 16S rRNA gene sequence, however it is distinctly different
when comparing the referenced C10:0 and C12:0 percentages.
MALDI-TOF

Matrix-assisted laser desorption ionization time of flight mass spectrometry (MALDITOF MS) was used to further confirm that MC02T is a novel species [60]. The MALDITOF spectra were obtained using the Bruker microflex instrument (Bruker Daltonics Inc.,
Billerica, MA), the direct transfer protocol supplied by the manufacturer, and the
FlexAnalysis v3.4 software. MC02T was grown overnight and a single colony was used
for evaluation. MC02T cells, as well as a bacterial test standard, were spread on a
polished steel target plate and treated with formic acid, and the matrix, α-cyano-4hydroxycinnaminc acid (HCCA) was also applied. Once the plate dried, the spectra were
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collected over a 2 to 20 kDa range. Two replicate measurements were conducted. Once
the spectra were obtained, we compared the MC02T spectra against the database of
reference spectra. The flexAnalysis software allowed us to calculate a spectra similarity
score, and the log of this score was used to determine a strain similarity estimate. A score
greater than 2.0 is generally considered to be a match at the species level, a score of 1.7
to 2.0 represents a match at the genus level, and a score below 1.7 suggests a novel
species [61]. M. arenosa MC02T was compared against itself as a control. All the isolates
that were selected and used for the biochemical testing, as shown in Table S1, as well as
other type strains for more distant genera were used as comparative spectra for the
MALDI-TOF MS analysis. When comparing MC02T against the bacterial species in the
database, the low similarity score of 1.23 with the most closely related species in the
database, M. aerilata DSM 19289T, confirms that MC02T is a novel species.
Proposal of Massilia arenosa sp. nov. MC02T
Based on the morphological, biochemical, phylogenetic and genomic analysis, it can be
concluded that Massilia arenosa MC02T belongs to a novel species of the Massilia genus.
Compared to the similar reference strains M. aerilata DSM19289T and M. umbonata LP01
DSM 26121T that form relatively fast-growing yellow colonies, M. arenosa grows slower
and forms cream colored colonies. The biochemical phenotype of MC02T differs in its
ability to utilize different carbon and nitrogen substrates, and its resistance against the two
antibiotics Vancomycin and Rifamycein SV from reference strains of the Massilia genus
(Table 3). The MALDI-TOF results indicated that M. arenosa MC02T is most closely
related to M. aerilata DSM19289T. However, the low score of 1.23 is much lower than the
new species threshold of 1.7, which also confirms that MC02T is a novel species. The
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analysis of AAI, OrthoANI, and GGDC to the most similar reference strains also support
the conclusion that Massilia arenosa MC02T is a novel species of the Massilia genus.
Description of Massilia arenosa sp. nov.
Massilia arenosa sp. nov. (arēnōsa. L. part. adj. sandy, as it was isolated from a sandy loam
soil). Massilia arenosa sp. nov. was isolated from the soil of a maize field in California
with the geographical coordinates 37.6058, -120.7478. The field was classified as Hanford
sandy loam, and earthy peat soil. It grows on R2A media, with a temperature range of 2130°C. After 3 days of growth on R2A its colony morphology is circular, raised, with entire
margins, 1-2mm in size, and cream colored. Cells are Gram-negative rods in singles or
doubles and are typically 1.6 µm long and 0.4 µm wide. Based on the Biolog results, it can
grow at a pH of 6 but not at pH 5. A salt concentration of ≥1% inhibits its growth. M.
arenosa can metabolize sugars, such as dextrin, D-maltose, D-trehalose, D-cellobiose,
gentiobiose, D-turanose, α-D-glucose, D-mannose, and inosine, and can utilize various
amino acids, such as L-glutamic acid, L-serine, and b-hydroxy-D, L-butyric acid. M.
arenosa MC02T is resistant to antibiotics, such as rifamycin SV, vancomycin, and
aztreonam. MC02T contains several genes with potentially plant growth promoting
characteristics, such as nitrate reductase (napA), phosphatase genes (ppk, phoA, phoB,
phoD, phoR), and biotin biosynthesis genes (bioA, bioB, bioD, bioF). In addition, 48
putative virulence genes, 34 antibiotic resistance genes, 14 invasion and intracellular
resistance genes, and 26 flagella motility genes were identified after genome assembly.
The genome is 5.02 Mbp and the GC content is 66.2%. The type strain, Massilia arenosa
MC02T (NRRL B65554T, ATCC TSD-200T, and LMG 31737T) was isolated from a field
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soil collected from California, USA, and is a Gram-negative, rod-shaped bacterium. The
GenBank accession number is MN733818.2.
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Figure Legends

Figure 14.1. Maximum-likelihood phylogenetic tree created using MEGA 7 based on the most similar 16S rRNA gene
sequence analysis using MC02T as the query sequence. The numbers at the nodes indicate bootstrap percentages (based
on 1000 replications). Bootstrap values above 70% are shown at the nods. The scale bar indicates 0.01 nucleotide
exchanges per nucleotide positions. E. coli ATCC 11886T was used to root the tree.
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Figure 14.2. Non-metric multidimensional scaling plot based on the Biolog results of MC02T and similar species based
on a 16S rRNA gene BLAST and other type strains of the Oxalobacteraceae. The isolate information is given in Table S1
(Supplementary Materials).
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Table and Table Legends

Table 14.1. OrthoANI values from EzBioCloud based on Massilia arenosa MC02T as the query genome and the closest
full reference genomes. Strain designation and Project Accession numbers are identified in the table.

3. Massilia agri BSC265T (GCA000740675.1)

2. OrthoANI
value (%)
4. 76.90

5. Duganella sacchari Sac-22T (GCA900143065.1)

6. 75.48

7. Massilia albidiflava DSM17472T (GCA004322755.1)

8. 76.00

9. Massilia armeniaca ZNM-3T (GCA003028855.1)
11. Pseudoduganella violaceinigra DSM 15887T
(GCA000425385.1)
13. Massilia kyonggiensis JS1662T (GCA000759615.1)

10. 76.38

1. Strain (Project Accession Number)

12. 75.72
14. 76.22

Table 14.2. GGDC values based on MC02T as the query, compared to the six most genetically similar reference
genomes based on the MC02T 16S rRNA gene. Formula 2 is shown.

Formula 2 (Identities / High-scoring segment pairs Length)
Prob. DDH >=
Reference genome
DDH
Model C.I.
Distance
70%
[17.7 Duganella sacchari Sac-22T
19.9
0.2211
0
22.3%]
Massilia agri BSC265T
21.3
[19 - 23.7%]
0.2063
0
Massilia albidiflava DSM
21.2
[19 - 23.6%]
0.2072
0
17472T
[18.7 Massilia armeniaca ZMN-3T
21
0.2096
0
23.4%]
[18.9 Massilia putida 6NM-7T
21.1
0.2081
0
23.5%]
Massilia umbonata DSM
[18.6 20.8
0.211
0
T
26121
23.2%]
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Table 14.3. Differences in the utilization of different substrates and in the resistance against different antibiotics
between M. arenosa MC02T, and five Massilia strains: M. albidiflava DSM 17472T, M. aerilata DSM 19289T, M.
umbonata DSM 261121T, and M. dura DSM 26121T, M. violacea LMG 28941T based on Biolog assays. The reference
strains and their numbers in culture collections are provided in Supplementary Table S1. All plates were incubated for
four days, and the appropriate growth medium and inoculation fluid is indicated in the Supplementary Table S2.
Positive and negative controls were monitored for every assay.

Type Strain Number

Inoculation-fluid
Growth Medium
Utilization of:
Sucrose
D-Turanose
D-Melibiose
D-Galactose
Inosine
Gelatin
L-Aspartic Acid
L-Glutamic Acid
L-Serine
Resistance to:
Vancomycin
Rifamycin SV
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MC02T
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DSM 19289T

B

A

R2A
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Massilia
violacea

T

DSM 17513T

LMG 28941T

A

A

B

A

R2A

R2A

R2A

TSA

R2A

+
+
+
+

+
+
+
+
+
+
+

±
+
+
+
+
-

+
+
+
+
+
+
-

+
+
+
+
-
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CHAPTER 15: CONCLUSIONS AND FUTURE PROSPECTS
Bacterial endophytes colonize most land plants, forming a relationship that
falls between commensalism to mutualism, without harming the plant host. Production of
oilseed crops gives a The value of these crops is often overlooked for more economically
valuable crops such as corn and soybean, however, there is a new and expanding area for
biofuel feed stock crops that has opened up the potential for new research and as stated
before, new sources of fuels for automobiles and airplanes.
Research is now probing plants of interest to try to find a single microbe or a
cocktail of microbes that could be utilized in the farming sector to offset artificial nutrient
applications, pests and other stressors that cause environmental damage and are also
monetarily expensive. Industry and academic entities are partnering up to take on the
monumental task of screening countless endophytic microbes for their abilities to offer
growth promotion and test these microbes on a variety of different crop species.
To aid in the search for beneficial plant endophytes, we first isolated bacterial
nitrogen fixing endophytes from the oilseed crop Brassica carinata, which is grown
primarily for the oil that is used in biofuel and bio-jet fuel production. These bacterial
endophyte isolates were first isolated and cultured on nitrogen free media to test for
nitrogen fixation. After which, the isolates were streaked into pure colonies, where 20
endophytic bacterial isolates were obtained. These were then prepped for additional
downstream analysis that included 16S rRNA taxonomic identification and whole genome
sequencing were also performed to give identities to the isolates as well as look for any
potential virulence genes or other genes of interest. Isolates were then scored on their
abilities in an in-vitro setting. Isolates were plated onto Pikovaskya’s agar to test for halo
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zone formation and resulting phosphate solubilization. Isolates were then tested for their
ability to produce the plant growth hormone indole-3-acetic acid through a tryptophan
dependent pathway using LB broth spiked with tryptophan. Pathogen suppression was
then tested using commonly found oilseed pathogen by pitting the two microbes against
one another and looking for fungal growth suppression.
Indigo Ag, our industry collaborator aided in the preparation of addition invitro testing and greenhouse and field testing. After in vitro testing capability testing, the
isolates were applied to several varieties of corn, wheat, and soybean, that are grown in
South Dakota, to test bacterial compatibility and drought tolerance. From there, the
isolates were down selected depending on performance scores and brought into the
greenhouse and applied to, again, wheat, soybean and corn plants in a nutrient limited
fertilizer regime and compared to plants which had no bacterial treatment applied.
Isolates that performed well were then used in salt tolerance relief tests, where the
addition of salt as a stressor was applied to plants.
Field trials were then performed, using the down selected endophytes on
winter wheat that was planted in the fall and harvested in the spring and corn and soybean
that was planted in the spring and harvested in the fall. Tissue sampling was also
performed to determine if there were any promotion effects in the field from the
endophytes before harvest. After harvest, yield, seed weight and seed protein content
were measured.
We observed that the bacterial endophytes when applied in greenhouse
settings that there was plant growth promotion in certain treatments of endophytes over
the control in nutrient limiting conditions. However, a genotypic effect was noticed
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where only certain endophytes would perform positively with a genotype of plants. A
nutritional effect was also observed, depending on how much fertilizer was applied to
plants, the benefit seen from the endophyte could vary. This same them was also
observed when testing against saline stress, where endophytes performed better than the
control with salt and to a degree the controls with no salt. It also should be noted that
these endophytes were not isolated from saline environments, adding another layer of
benefits besides nutrition. This was also seen to some degree in field trials under low
nutrient regimes, certain endophytes would perform better under certain conditions,
primarily under high nitrogen conditions, which would lead to an increase in yield. This
could be the results of the origin of the endophytes being a field with higher amounts of
nitrogen fertilizer being applied, making the endophytes need a larger amount of nitrogen
to perform. However, these results were highly variable and would have to be repeated
again perhaps with a mixture of isolates to determine if there are any additional benefits
or parameters that should be measured and observed, but does give precedence that these
isolates could be used as biofertilizer products.
We also characterized four novel bacterial isolates from the family
Oxalobacteraceae, that were denoted at the species level that were isolated by our
industry collaborator, Novozymes Norther America. These isolates were sequenced
through whole genome and 16S rRNA sequencing and analyzed for their biochemical
profile with the Biolog Gen III system. The fatty-acid-methyl-ester (FAME) analysis was
also performed to determine the fatty acid profile of the isolates and the matrix-assisted
laser desorption/ionization time of flight (MALDI-TOF) was also performed to determine
to aid in the determination of bacterial species. Similar strain of the Oxalobacteraceae
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were also purchased to compare the unknown strains results to determine if there was any
similar or defining features that could set these unknown strains apart from already
known strains. It was found that the four strains were all novel species and type strains
and were taxonomically identified as Massilia hortus ONC3 and M. arenosa MC02,
Duganella callidus DN04 and Noviherbapspirillum sperare M1. These isolates were then
submitted to the American Type Culture Collection (ATCC) and the Belgian CoOrdinated Collections of Micro-Organisms (BCCM) for public use. This will then allow
Novozymes to obtain permits to use these bacteria in field settings for the potential use of
biological fertilizers.
When looking at all these data that bacterial endophytes and rhizospheric bacteria
could offer an alternative to artificial fertilizer products and promote plant growth and
yield in nutrient limited soils and offer additional relief from other abiotic and biotic
stressors. Implementation of these biofertilizers could offer growers a new crop
management approach and could maintain a sustainable agricultural future.

